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Cooling Load: W. E. Zieber, Chairman; C. O. Mackey*, Vice Chairman; K. O. Alex- 
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Jordan, C. F. Kayan, J. N. Livermore, J. P. Stewart. 


Heat Flow Through Glass: R. A. Miller, Chairman; N. B. Hutcheon*, Vice Chairman; 
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Frazier, J. S. Herbert, R. W. McKinley, E. C. Miles, D. R. Muir, H. B. Vincent, 
J. R. Young. 
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F. G. Gustafson, S. R. Lewis, H. A. Lockhart*, Dr. H. H. Mitchell, K. V. Thimann, 
Dr. W. G. Whaley, Dr. R. B. Withrow, H. E. Ziel. 
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Brown, R. S. Dill*, J. M. Hartman, H. A. Lockhart*, L. G. Miller, V. L. Miller, T. F. 
Rockwell, S. I. Rottmayer, C. W. Signor. 


Hot Water and Steam Heating: John W. James, Chairman; H. A. Lockhart*, Vice 
Chairman; R. C. Chewning, H. C. Day, W. S. Harris, L. N. Hunter, A. T. Jones, E. 
G. Keller, M. W. McRae, N. D. Skinner, S. K. Smith, Benjamin Spieth, M. H. 
Westerberg. 


Human Calorimetry: G. L. Tuve, Chairman; I. W. Cotton*, Vice Chairman; E. F. 
DuBois, M.D., Nathaniel Glickman, J. D. Hardy, E. R. Queer, L. E. Seeley, C. P. 
Yaglou. 


Industrial Environment: W. N. Witheridge*, Chairman; H. A. Mosher, Vice Chair- 
man; J. L. Alden, A. D. Brandt, J. H. Clarke, R. B. Foley, W. C. L. Hemeon, W. O. 
Huebner, J. M. Kane, M. G. Kershaw, G. E. McElroy, B. F. Postman, K. E. Robinson, 
Leslie Silverman, B. R. Small, R. P. Warren, H. E. Ziel. 


Sub-Committees and Chairmen: Supply Air Conditioning (/ndustrial) H. A, 
Mosher; Process Aerodynamics, W. C. L. Hemeon; Air Contaminants (/ndoor 
and Outdoor) A. D. Brandt; Temperature Extremes (Hot Environment) J. H. 
Clarke; Exhaust Air Cleaning (Air Pollution Control) R. P. Warren; Indus- 
trial Exhaust Systems, J. M. Kane. 


Insulation: M. W. Keyes, Chairman; N. B. Hutcheon*, Vice Chairman; R. E. Back- 
strom, L. A. Barron, C. B. Bradley, P. D. Close, R. B. Crepps, R. C. Cross*, E. T. 
Erickson, F. A. Joy, W. A. Knudson, V. L. Miller, E. R. Queer, R. F. Rea, H. E. 
Robinson, T. D. Stafford, L. V. Teesdale, R. K. Thulman. 


Odors: T. H. Urdahl, Chairman; W. N. Witheridge*, Vice Chairman; Dr. L. H. 


Beck, Dr. N. E. Berry, Dr. V. G. Dethier, W. A. Grant*, A. B. Hubbard, G. W. Meek, 
Dr. Sherman Ross, Dr. R. G. H. Siu, Dr. Amos Turk. 


* Member of Committee on Research. 
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Panel Heating and Cooling: P. B. Gordon, Chairman; R. S. Dill*, Vice Chairman; 
A. B. Algren*, John Everetts, Jr*, L. N. Hunter, John W. James, J. S. Locke, C. O. 
Mackey*, S. K. Smith, E. F. Snyder, Jr., J. M. van Nieukerken. 


Group A—Heat Distribution Within and Behind the Panel: R. S. Dill*, 
Chairman; H. L. Flodin, F. E. Giesecke, G. L. Lain, R. L. Maher, V. L. Miller, 
D. L. Mills, C. W. Nessell, F. E. Parsons, S. I. Rottmayer, R. T. Schoerner, 
E. E. Scott, S. K. Smith, R. K. Thulman, S. M. Van Kirk, L. H. Yeager. 


Group B—Heat Transfer Between the Panel and the Space: J. M. van 
Nieukerken, Chairman; C. O. Mackey*, Vice Chairman; C. M. Ashley, C. F. 
Boester*, W. P. Chapman, W. S. Harris, Linn Helander, John W. James, A. T. 
Jorn, C. F. Kayan, H. A. Lockhart*, W. E. Long, R. L. Maher, R. A. Miller, D. 
L. Mills, G. L. Wiggs. 


Group D—Controls: E. F. Snyder, Jr., Chairman; A. B. Algren*, Vice 
Chairman; H. W. Alyea, Louis Barfus, S. D. Browne, R. L. Campbell, C. A. 
Gustafson, W. J. Hajek, H. H. Kieckhefer, W. H. Kliever, H. T. Kucera, J. S. 
Locke, J. F. McCauley, P. F. Neess, L. C. Plaehn, J. K. M. Pryke, A. O. Roche, 
Jr., C. W. Signor. 


Physiological Research: M. K. Fahnestock, Chairman; R. W. Keeton*, M.D., Vice 
Chairman; Lester T. Avery, Dr. Thomas Bedford, H. S. Belding, William Bruce, Dr. 
A. C. Burton, E. F. DuBois, M.D., Col. A. P. Gagge, Nathaniel Glickman, F. K. Hick, 
M.D., John W. James, D. H. K. Lee, M.D., R. D. Madison, C. L. Taylor, Capt. T. L. 
Willmon, Dr. C.-E. A. Winslow. 


Sensations of Comfort: C. S. Leopold, Chairman; John Everetts, Jr.*, Vice Chairman; 
Lester T. Avery, M. K. Fahnestock, Nathaniel Glickman, A. J. Hess*, A. C. Menke. 


Sorption: G. L. Simpson, Chairman; John Everetts, Jr.*, Vice Chairman; G. C. F. 
Asker, F. C. Dehler, A. S. Gates, Jr., E. W. Gifford, H. W. Heisterkamp, E. R. 
McLaughlin. 


Sound and Vibration Control: H. A. Lockhart*, Chairman; C. M. Ashley, P. H. 
Geiger, Sidney Gordon, W. F. Hagen, H. C. Hardy, E. M. Herrmann, F. B. Holgate, 
G. C. Kerr, M. W. Keyes, R. D. Madison, W. L. Rogers, T. H. Troller, T. A. Walters, 
George Wohlberg. 


Special Committees—1952 


A.S.H.V.E. Committee on Code for Testing and Rating Heavy Duty Furnaces: E. K. 
Campbell, Chairman; Bowen Campbell, R. S. Dill, C. J. Low, W. J. MaGirl, B. F. 
McLouth, F. L. Meyer, L. G. Miller, F. J. Nunlist, Jr., A. A. Olson, H. A. Pietsch, 
H. A. Soper. 


A.S.H.V.E. Committee on Safety Regulations for Heating, Ventilating and Air Con- 
ditioning Systems: G. P. Nachman, Chairman; F. H. Buzzard, B. F. McLouth, C. H. 
Randolph, H. W. McKenzie. 


* Member of Committee on Research. 
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Special Committees—1952 (Concluded) 


International Joint Committee on Psychrometric Data: Dr. B. M. Woods, Berkeley, 
Calif., Chairman; B. A. Dmitrieff, New York, N. Y., Secretary; H. H. Bruce, London; 
G. A. Bull, London; C. S. Cragoe, Washington, D. C.; John A. Goff, Philadelphia; L. 
P. Harrison, Washington, D. C.; T. J. G. Henry, Toronto; B. H. Jennings, Evanston, 
Ill.; Dr. F. G. Keyes, Cambridge, Mass.; R. F. Legget, Ottawa; S. G. Rison, Wash- 
ington, D. C.; P. A. Sheppard, London; J. L. York, Ann Arbor, Mich. 


Joint Committee for Revision of Code of Minimum Requirements for Comfort Air 
Conditioning: W. L. Fleisher, Chairman; (A.S.H.V.E.) O. W. Armspach, A. C. 
Buensod, C. C. Cheyney; (4.S.M.E.) C. F. Kayan; (A.S.R.E.) F. H. Faust, J. A. 
Schurman; At large: M. K. Fahnestock; (Medical Profession) E. F. DuBois, M.D., 
R. W. Keeton, M.D., W. J. McConnell, M.D. 


Nominating: M. W. Bishop, Chicago, Chairman; D. M. Allen, Kansas City, Mo., 
Vice Chairman; C. B. Gamble, New Orleans, Secretary. A. B. Algren, Minneapolis ; 
B. W. Farnes, Portland, Ore.; E. L. Crosby, Baltimore; W. A. Grant, Syracuse; A. 
J. Hess, Los Angeles; W. G. Hole, Montreal, Que.; B. M. Kluge, Milwaukee; A. J. 
Offner, Beechhurst, L. I., N. Y. Alternate: G. T. Donceel, Oklahoma City. 


Public Relations: J. R. Vernon, Chairman; Clifford Strock, W. D. Graham, Sr., B. L. 
Evans. 
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Arkansas 


Organized 1952 
Headquarters, Little Rock, Ark. 


E. N. Pettit, Jr. 
Vice-President Herman Cumnock 
R. E. Blaylock 


Board of Governors: R. A. Bautts, R. E. Blay- 
lock, Herman C . C. Dean, W. J. 
Franklin, E. N. Pettit, "Sr. 


Atlanta 


Organized 1987 
Headquarters, Atlanta, Ga. 


¥. A. Player 
J. G. Croley 
J. M. Lazenby 
T. A. Barrow, = 
Board of Governors: W. M. Garrard, E. 
Jamison 
Baltimore 
Organized 1949 
Headquarters, Baltimore, Md. 
E. R. Kent 
H. D. Glaser 
A. M. Kroft 
C. J. Peters 
Board of Governors: W. P. Flanigan, R. L. 
Hughes, J. E. Seiter 
British Columbia 
Organized 1952 
Headquarters, Vancouver, B. C. 
Honorary Walter Leek 
M. E. Minaker 
Cc. W. 
D. W. Thomson 
Cornelius Van Boeyen 
Central New York 
Organized 1944 
Headquarters, Syracuse, N. Y. 
F. E. Krell 
H. K. Ormsby 
Treasurer. F. D. Putnam 
Board of Governors: J. H. Carpenter, W. L. 
Riehl, L. E. St. John 
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Central Ohio 


Organized 1944 
Headquarters, Columbus, Ohio 


President........ A. D. Bogen 

R. A. Wilson 

Board of Governors: A. D. Bogen, R. s. Curl, 
J. A. Guy, N. T. Hess, R. A. Wilson 


Cincinnati 


Organized 1982 
Headquarters, Cincinnati, Ohio 


President...... -H. E. Russell 
Vice-President. -R. C. Beineke 
Secretary...... .F. W. Wilson 
.A. H. Gerdsen 
Board of Governors: R. G. ‘Anderson, & J. 
Bechtol, R. C. Beineke, A. H. Gerdsen, H. E. 
Russell, F. W. Wilson 
Connecticut 
Organized 1940 
Headquarters, New Haven, Conn. 
T. L. Amold 
G. F. Nieske 
R. W. Sidbury 
L. L’Hommedieu 
Board of Governors: W. A. Johnson, E. J. 
Hoagland, A. J. Lawless 
Delta 
Organized 1989 
Headquarters, New Orleans, La. 
C. V. Bankston 
Board of Governors: J. J. Friedler, Pg Theodore 
Offner, E. O. Thoman 
Empire State Capital 
Organized 1951 
Headquarters, Albany, N. Y. 
lst . W. Burrill 
2nd G. Davis 
R. Tougher 


Board of Governors: L. M. Brown, R. L. Miller, 
R. B. Taylor 


LOCAL CHAPTER OFFICERS—1952 (continued) 


Golden Gate Kansas City 
Organized 1987 Organized 1917 
Headquarters, San Francisco, Calif. Headquarters, Kansas City, Mo. 
T. J. Janes W. A. Reichow 
T. J. White G. H. Stoffer 
Board of Governors: F. K. Crouch, z Cc. Cc Board of Governors: A. 8S. Hurt, Jr., Cc. D. 
ing, D. E. McLeod Jones, F. J. Schaad, C. W. Schumacher 
Manitoba 
Illinois 
Organized 1985 
Organized 1906 Headquarters, Winnipeg, Manitoba, Canada 
M. W. Bishop A. K. Piercy 
Vice-President. H. G. Chapin Ernest Lambert 
Ns ddaeesttcdscnencsssesnaanenl G. V. Zintel Board of Governors: J. A. Bell, J. F. Bertram, 
, Ra a as G. G. Freyder D. B. Brace, P. L. Charles, G. T. Christie, 
Board of Governors: C. M. Barnes, G. W. Born- C. M. Fleming, J. C. Stangl 


quist, H. G. Gragg, Herbert Kreisman 


Massachusetts 


Organized 1912 


Indi 
Headquarters, Boston, Mass. 
rganized 1943 

Headquarters, Indianapolis, Ind. Hare 
E. R. Ross Icke - U. Kile, L. Geissenhamer, A. 
Board of Governors: F. C. Barton, R. G. James, Hare, M. I. Kishler, F. A. Merrill, D. C. 

F. B. Morse Miller, G. W. Sprague, G. B. Torrens 
Memphis 
Inland Empire Organized 19 
Organized 1960 Headquarters, Memphis, Tenn. 
quarters, Spokane, . 
Jenkinson Board of Governors: Bevi Drake 
P. R. Inman, L. B. Marque, better, J. W. McIntosh, G. B. Richmond, W. 
E. Thorpe 
— Miami Valley 
Organized 1950 
Organized 1940 : 

Headquarters, Des Moines, Ia. 
R. _H. Schnell Vice-President 

oard of Governors: eGuiness, F. Board of Governors: R. C. Allen, Fred Hammer 
Pulley, D. E. Schroeder G. L. Leupold, C. D. Weaver : 
Michigan 
ansas 
i Organized 1916 
eadquarters, Wichita, Kan. 
C. A. Strand 
O. P. Bullock R. H. Oberschulte 
R. L. Pennington D. S. Falk 
nen widtdasiiaisnsambene B. C. Brown Board of Governors: G. W. Akers, G. L. Davis, 
Board of Governors: R. F. Bauer, E. C. Blood, Jr., D. S. Falk, E. F. Glanz, J. N. Livermore, 
O. P. Bullock, R. L. Pennington, H. D. D. L. MecConachie, R. H. Oberschulte, C. A. 
Speyer Strand 
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Minnesota 


Organized 1918 
Headquarters, Minneapolis, Minn. 


Board of Governors: L. J. Krause, B. 


McLouth, E. F. Snyder, Jr. 
Montreal 


Organized 1986 
Headquarters, Montreal, Que. 


B. J. Horsburgh 
D. L. Lindsay 


Board of Governors: J. G. Chenevert, J. C. 
Hennesey, Ivan McDonald, S. R. Plamondon 


Nebraska 


Organized 1940 
Headquarters, Omaha, Nebr. 


S. W. Black 
O. J. Smith 
C. Goth 


Board of Governors: S. W. Black, *G. w. 
Colburn, C. A. Goth, K. E. Martin, B. G. 
Peterson, O. J. Smith, H. H 


New York 


Organized 1911 
Headquarters, New York, N. Y. 


P. B. Gordon 
C. H. Flink 
W. M. Heebner 
Board of Governors: H. S. Birkett, Ernst 


Graber, J. B. Hewett, R. L. Stinard, Clifford 
Strock 


North Texas 


Organized 1988 
Headquarters, Dallas, Tex. 


R. E. Allison 
P. N. Vinther 
M. W. Brown 
J. A. Ray 


Board of Governors: W. R. Barbeck, R. A. 
Grimmer, R. G. Lyford 


Northeastern Oklahoma 


Organized 1948 
Headquarters, Tulsa, Okla. 


R. W. Winget 
Fred Colbert 


Board of Governors: E. R. Cooke, R. F. Shoe- 
maker, F. M. 


Thomas 


Northern Ohio 


Organized 1916 
Headquarters, Cleveland, Ohio 


President 

Vice-President. 

Secretary 

Treasurer. . “IR Venning 

Board of Governors: L. C. Burkes, John Rich- 
mond, D. E. Mannen 


Northern Piedmont 
Orgeniaed 1 


Headquarters, 
President........ L. Vaughan 
J. E. Hart 


Secretary-Treasurer... 
Board of Governors: 
Reid 


onsale 
‘Graham, Jr., F. J. 


Oklahoma 


Organized 1935 
Headquarters, Oklahoma City, Okla. 


President...... W. J. Collins, Jr. 
Preside. A. R. Morin 
Secretary.. X. Loeffler, Jr. 


E 
Board of “ey J. H. Carnahan, G. T. 
Donceel, H. 8. Shafer 


Ontario 


Organized 1922 
Headquarters, Toronto, Ont., Canada 


Secretary H. R. Roth 

oo of Governors: D. L. Angus, M. C. Bailey, 
. Bootes, William Philip 


Oregon 


Organized 1939 
Headquarters, Portland, Ore. 


K. H. Hanson 

W. R. Norte 

R. H. Brown 

Board of ag J. E. Finkbeiner, E. E. 
Kelly, H. W. McKenzie 


Ottawa Valley 


Organized 1952 
Headquarters, Ottawa, Ont., Canada 


G. Ostiguy 
E. J. Schoenherr 
W. J. Robinson 


Board of Governors: G. R. Hamilton, N. J. 
Howes, J. S. Massiah, W. B. Pennock 
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Pacific Northwest 


Organized 1928 
Headquarters, Seattle, Wash. 


W. B. Pride 
Ist Vice-President.......... ...H. T. Orebaugh 
Vice-President T. C. Caskey 
I. L. Winsor 
L. F. Christofferson 
Board of Governors: R. C. Lewis, A 
McKinstry, R. M. Stern 
Philadelphia 
Organized 1916 
Headquarters, Philadelphia, Pa. 
M. E. Barnard 
Ist C. F. Dietz 
2nd L. M. Church 
C. J. Lubking 


Board of Governors: 
Church, C. F. Dietz, c. J. Lubking, A M. 
Robertson, E. K. Wagner, P. H. Yeomans 


Pittsburgh 


Organized 1919 
Headquarters, Pittsburgh, Pa. 


B. B. Reilly 
Vice- President Scueceneg.cacmeinanael C. H. Schneider 
E. H. Riesmeyer, Jr. 
Cc. L. Benn 


Board of Governors: G. M. Comstock, E. C. 
Hach, W. D. Simpson 


Rocky Mountain 


Organized 1944 
Headquarters, Denver, Colo. 


N. H. Brickham 

A. 8. Dy 

Board of Governors: E. J. piciehes, B. H. 
Spurlock, Jr., H. J. Woehlke 


Sacramento Valley 


Organized 1952 
Headquarters, Sacramento, Calif. 


L. A. O'Meara 
E. C. cKinsey 
J. E. Marshall 
Sarro 
Board a Governors: N. W. Downs, z E. Day, 
D. R. Blanchard 
St. Louis 
Organized 1918 
Headquarters, St. Louis, Mo. 
Cc. H. Burnap 
Ist H. C. Sharp 
2nd Vice-President................ G. H. Bemarkt 
J. F. Naylor, Jr. 
Board of Governors: L. L. Hamig, F. F. Ince, 
W. C. Kaber, E. C. Kuntz 


Shreveport 


Organized 1948 
Headquarters, Shreveport, La. 


R. M. Hood 
Hudso 
Treasurer........ R. L. J. 
Board of yg . W. Beaty, W. S. Evans, 
R. M. Hood, M. A. Hudson, J. S. Malahy, 
R. &. Segall. 
South Texas 


Organized 1938 
Headquarters, Houston, Tex. 


E. G. Floeter, Jr. 

F. M. Neil 

Board of Governors: J. C. Lewis, I. A. Naman, 
R. J. Salinger 


Southern California 


Organized 1980 
Headquarters, Los Angeles, Calif. 


rer L. B. Davenport 
Cc. D. Walz 
J. L. McCullough 


—— of Governors: V. J. Burke, J. S. 
C. Greiner, E. D. Pierce, L. H. 
Sea D. D. Wile. 


Earhart, 
Wagen- 


Southern Piedmont 


Organized 1952 
Headquarters, Charlotte, N. C. 


R. M. Warren, Jr. 
. E. Mason 
J. W. Barr 
Board of Governors: R. O. MeGary, W. 


Reed, III, K. W. Selden, Jr. 


Southwest Texas 


Organized 1946 
Headquarters, San Antonio, Tex. 


D. E. Locher 

Secretary-Treasurer............. L. H. Hornor, Jr. 

Board of Governors: Boone Crisp, R. W. 
Kotzebue, I. W. Wilke 


Utah 


Organized 1944 
Headquarters, Salt Lake City, Utah 


D. R. Wilde 
M. L. Gollaher 
Secretary-Treasurer................/ Altred Richeda 


Board of Governors: A. R. Curtis, C. F. Fergu- 
son, M. L. Gollaher, E. L. Gritton, E. J. 
Watts, D. R. Wilde 


* Filled unexpired term. 
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Virginia 
Organized 1946 
Headquarters, Norfolk, Va. 
D. E. Phillips 
H. E. Marquart 
Board of Governors: J. F. Boyenton, J. F. 
Reynolds, T. B. Speights, J. E. White* 


Washington, D. C. 
Organized 1935 


Western Michigan 


Organized 1981 
Headquarters, Grand Rapids, Mich. 


H. R. Limbacher 
F. K. Platt 
Board of Governors: W. C DeRoo, R. 


Waalkes, P. D. Winch 


Western New York 


Organized 1919 
Headquarters, Buffalo, N. Y. 


Tachi J. M. Quackenbush 
Meadquarters, Washington, D. C. Ist Vice-President. C. W. Stone 
G. R. Walz 2nd R. E. 
Treasurer.......-0.seeeessseeeeees J. W. Alexander Board of Governors: M. C. Beman, Josep 
Board of Governors: S. R. Allen, G. C. F. Davis, Roswell Farnham, T. F. Killeen, 
Asker, P. H. Loughran, Jr. M. Quackenbush 
Wisconsin 
Organized 1922 
Headquarters, Milwaukee, Wis. 
J. A. Lofte 
Board of Governors: H. F. Brinen, B. M. Kluge, 
A. S. Krenz 
Special Branch 
Swiss 
Organized 1952 
Headquarters, Zurich, Switzerland 
L. F. DeBruyn 
Vice-President Walter Sennhauser 
Secretary.... alter Hausler 
Treasurer......... ..Dr. Hans Frei 
Student Branches 
North Carolina State College Oregon State College 
Organized 1948 Organized 1949 
Headquarters, Raleigh, N. C. Headquarters, Corvallis, Ore. 
orman Falbaum 7 
D. J. Lee Vice-President. H. E. Johnson 
J. H. Davis I. P. Parkhurst 
Purdue University 
Oklahoma A. & M. College ‘ 
1948 
Organized 1950 Headquarters, W. Lafayette, Ind. 
Headquarters, Stillwater, Okla. 
R. F. Mossman. A. Brynie oO. 
Vice-President....... O. A. Brynie..P. L. Ground H. Allen, Jr. 
G. J. ‘D. W. Ray J. V. Hoxie 
R. L. Jett..V. O. Wagner Melvin Kalfus 


* Filled unexpired term. 
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Texas A. & M. College University of Kansas 
Organized 1946 Organized 1949 
Headquarters, College Station, Tex. Headquarters, Lawrence, Kans. 


University of Detroit University of Texas 


Organized 1949 Organized 1949 
Headquarters, Detroit, Mich. Headquarters, Austin, Tex. 


T. J. Feaheny, Jr. President 
Vice-President L. Vice-President. 


E. M. Shaw, Jr. 


University of Toronto 


Organized 1951 
Headquarters, Toronto, Ont., Canada 


President : ..J. A. Smith 


.-T. O. Smith 


Secretary-Treasurer...................W. F. Thull Secretary.....................A. D. Wilkinson, Jr. i 
. 
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TRANSACTIONS 
of 
Tue American Society oF HEATING 
AND VENTILATING ENGINEERS 


No. 1438 


FIFTY-EIGHTH ANNUAL MEETING 
St. Louis, Missouri 


HE 58th Annual Meeting of THe AMERICAN SociETY oF HEATING AND 

VENTILATING ENGINEERS was held in St. Louis, Mo., January 28-30, 1952. 
The total registration of 1068 included 630 members, 221 ladies and 217 guests, 
making it the largest non-exposition meeting of the Society ever held. Meeting 
headquarters were the Hotels Statler and Jefferson. 


First Session, Monpay, JANUARY 28TH, 2:30 P.M. 


Pres. L. E. Seeley called the 58th Annual Meeting to order at 2:30 p.m. in 
the Hotel Statler ballroom, following the get-together luncheon at which L. L. 
Hamig, president of the St. Louis Chapter welcomed the members and guests 
to the meeting. President Seeley announced that the following members were 
appointed as Inspectors of Election: L. Walter Moon, chairman, St. Louis, Mo. ; 
J. J. Bechtol, Cincinnati, Ohio; C. H. McGuiness, Des Moines, Ia. 

President Seeley then presented his report in which he outlined the growth 
and development of the Society during the year 1951. He stated that the great- 
est single asset of the Society is the friendly spirit which animates it so uni- 
versally. He remarked on the operating changes necessitated by the new By- 
Laws and the steady growth in the number of chapters and members. 

He explained the setup of a new method of fund raising for Research in the 
Ways and Means Committee as a sub-committee of the Finance Committee. 
He outlined the resurgence of interest in Codes and Standards, the problem of 
scheduling future meetings, and the possibilities of increased unity in the engi- 
neering profession under the Engineer’s Joint Committee. 
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2 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


President Seeley suggested that an objective study of all Society operations, 
including committees, research, publications, chapters, etc., might well be in 
order, and would undoubtedly take several years of effort. He concluded by 
thanking the Officers, Council, Committees and Staff for their cooperation and 
services during the year. ; 


Report oF CouNcIL 


As required by Section 46 of the Membership Corporations’ Law of the State of 
New York, the following report is presented by Council and filed herewith: 


ASSETS 


The Society has the following Assets: 


Land and Laboratory Buildings at Cleveland, Ohio..................00.000c0cccccceeeee $ 81,012.89 
Furniture & Equipment, Tools, etc., at New York and Cleveland.............. 39,982.77 
On Deposit in New York and Cleveland Banks. .00.0......0.00..0.0....cccccceccceseeseseeees 138,895.95 
Securities (United States and Canadian Government Bonds) with Bankers 
Trust Company, New York as Custodian..................c.cccccesceesesseesceseesceerees 98,917.57 


The sources of Society Cash Receipts were: Admission Fees and Dues $107,396.39; 
Publications $150,274.36; Interest $1,170.07; from Research $183,792.27; and Miscel- 
laneous $328.00; making a total of $442,961.09. Cash Disbursements for Meetings, 
Committees and Chapters were $34,194.20, Publications $109,199.05, Headquarters 
$120,151.93, Research $170,823.05—Total $434,368.23. 

The Society’s Reserve Fund was increased by the addition of $5,836.00 Admission 
Fees and $1,591.42 Interest earned on Savings Bank Accounts and Securities. This is 
an increase of $7,427.42, bringing the Reserve Fund to $75,204.40. 

Now in the Custodian Account of the Bankers Trust Co., New York, there are 
Securities of the United States and Canadian Governments which cost: General Fund 
$32,008.25, Reserve Fund $53,631.50, and F. Paul Anderson Fund $1,000.00. The 


Research Reserve Fund now stands at $34,741.43. . 
LIABILITIES 
The Society has the following Liabilities: 
Deferred Income: 
Reserve for TRANSACTIONS................. 17,000.00 
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At the end of the Fiscal year, October 31, 1951, the Balance Sheet shows the 
Society’s Net Worth as $358,041.65 compared to $327,700.33 on October 31, 1950, a net 
gain of $30,341.32. 

The Property Fund covering the Laboratory Land and Buildings at Cleveland, 
Laboratory Equipment and Tools, Furniture and Fixtures at Headquarters, New York 
and Cleveland is $120,995.66. 

Fire Insurance of $155,000.00 is carried on Buildings, $51,000.00 on Contents, 
Sprinkler $12,000.00, also Comprehensive Bodily Injury $100,000.00—$300,000.00 and 
Auto Property Damage $5,000.00. Fidelity Bonds on Officers and all employees 
$20,000.00. Workmen’s Compensation is carried in New York and Ohio, as required 
by law. 

The Society has contributed to the Employees Retirement Plan Trust $2,401.36 and 
the participating employees contributed a similar amount. 

Total Cash in New York and Cleveland Banks $138,895.95, consisting of $73,162.65 
in General Operating Fund, $12,376.95 in Reserve Fund, $166.55 in F. Paul Anderson 
Fund, $17,760.71 in the Research Fund, $34,741.43 in Research Reserve, and $687.66 
in Research Endowment. 


MEMBERSHIP 


The Society admitted the following members in the grades indicated since Janu- 
ary 1, 1951: ‘ 


The names and addresses of the candidates for membership were published in the 
Journal of the Society each month during the year and are on record in the Secretary’s 
office. The present membership total is 8,503. 


Respectfully submitted, 


L. E. SEE.ey, President 


H. E. Sproutt, Treasurer 


Second Vice Pres. Reg. F. Taylor presented a brief review of the Society’s 
financial condition, and some of the activities of the Finance Committee. 


H. E. Sproull, treasurer, presented his report in which he summarized the 
accountant’s report for the fiscal year ending October 31, 1951. He noted several 
items listed under Income and Expense, and the 10 percent increase in Net 
Worth which now totalled over $358,000. In conclusion, he stated that the 
Society, which is dedicated to the advancement of the arts and sciences of 
heating, ventilating, cooling and air conditioning, could well be proud of its 
accomplishment and wise handling of funds towards its goal. 
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Accountant’s Report 
FRANK G. TUSA & CO. 


CERTIFIED Pustic ACCOUNTANTS 
37 Wall Street, New York 5, N. Y. 


Tue American Society oF HEATING AND VENTILATING ENGINEERS 
62 Worth Street, 
New York, N. Y. 


Gentlemen : 

Pursuant to your request, we examined the books of account and records of THe AMERICAN Society 
or HeaTING AND VENTILATING ENGINEERS—New York, and Cleveland and its related funds for the fiscal 
year ended October 31, 1951, and submit herewith our report. 

The audit covered a verification of the Assets and Liabilities as of the close of business October 31, 
1951. For the fiscal year then ended, the recorded cash receipts were traced into the depositories; 
the cancelled bank checks were inspected and compared with the record of cash disbursements, and 
the disbursements were supported by payment vouchers. The dues from members and the interest 
from investments were accounted for. 

A Balance Sheet reflecting the financial condition of the Society as of the close of business October 
31, 1951 is submitted herewith and your attention is directed to the following comments thereon: 


CasH 

The Cash on Deposit was verified by direct communication with commercial and savings banks 
and the balances reported to us were reconciled with those reflected by the books of the Society. A 
schedule of cash is included as a part of this report. 

Checks representing the cash on hand for deposit were inspected by us and the cash on hand 
was counted. 


Markeras_e Securities 


The securities shown on the subjoined schedule were verified by direct communication with the 
Bankers Trust Company, where same are deposited for safe-keeping. Securities have been included 
in the accompanying balance sheet at the cost of acquisition plus the accumulated and accrued interest 
earned thereon. 


AccouNTs RECEIVABLE 


Trial balances taken of the membership dues receivable and sundry debtors as of the close of 
business October 31, 1951 were classified and aged as follows: 


MEMBERSHIP 1950 1951 Total 
Members...... , . $50.00 $ 3,204.56 §$ 3,254.56 
Associates............ F : 93.00 5,744.44 5,837.44 
Affiliates...... 375.00 375.00 
Juniors.......... 20.00 1,685.47 1,705.47 
Students..... . 607.50 607.50 

TOTALS........ .. $163.00 $11,616.97 $11,779.97 


SuNnpryY DEBTORS 


Unpaid charges made during October, 1951.......... 
Unpaid charges made during September, 1951........ 1,192.75 
Unpaid charges made prior to September, 1951........ 2,819.05 
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After writing off all receivables known to be uncollectable, it is our opinion that the reserves for 
dues and accounts receivable doubtful of collection reflected in the accompanying Balance Sheet are 
ample to cover collection losses that may be incurred. 

ResearcH Funp Account REceIvABLE 


The balance due to the Research Fund from the Society as at October 31, 1951 represents 40 percent 
of Dues Receivable from Members, Associates and Affiliates as of such date. 


INVENTORIES 


The following inventories were verified either by count or direct communication: 


A schedule of Transactions inventoried follows: 


Volume Year Quantity Price Amount 
1-49 1895-1943 3,187 $ .40 $1,274.80 
50 1944 170 1.82 309.40 
51 1945 335 1.91 639.85 
52 1946 378 1.67 631.26 
53 1947 151 1.77 267.27 
54 1948 829 1.78 1,475.62 


Deposit RECEIVABLE 

The deposit placed with the United Air Lines in the sum of $425.00 was verified by direct com- 
munication. 
ADVANCES 

The indebtedness from employees in New York and Cleveland represents advances to the Employees 
Retirement Plan in the sums of $1,429.66 and $976.97 respectively. This indebtedness is to be 
reimbursed by the Trust during the ensuing fiscal year. 
Dererred CHARGES 


The following prepayments have been deferred to future expenses: 


Insurance Premiums—New York.............. 413.37 
Insurance Premiums—Cleveland........ 207.80 


PERMANENT ASSETS 


The Land and Buildings, Instruments, Equipment and Furniture and Fixtures are reflected on the 
Balance Sheet at cost of acquisition. With the exception of Land and Buildings all assets have 
been depreciated at the rate of 10 percent per annum. During the year fully depreciated Furniture 
and Fixtures in the amount of $329.25 was written off against the reserve. 

In accordance with the resolution adopted by the Council at its meeting of January 23, 1949 
depreciation was not provided on the Buiidings for the current fiscal year. 


TAXES 


The sum of $768.90 represents Federal Income Taxes withheld from employees salaries during the 
month of October, 1951. 
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Dererrep INCOME 


The prepaid dues and initiation fees by members and candidates for membership have been 
deferred to future operations. The membership classification of the dues prepaid by elected members 
follow: 


MEMBERSHIP Amount 
Members........... ‘ ....$ 360.94 
Affiliates...... 124.75 
Juniors........ ‘ 447.59 

ToTaL ..$1,087.63 


Reserve ror ‘TRANSACTIONS 


Out of the original $12,500.00 Reserve for Transactions Volume 55 there remains an unexpended 
balance of $4,500.00 which is considered ample for the completion of this volume. The reserve of 
$12,500.00 provided for Volume 56 in the 1950 budget is also reflected in the accompanying Balance 
Sheet. However, since the 1951 budget did not provide for the publication of Volume 57 no reserve 
was provided for same. 


Funps 

There is included as a part of this report an analysis of funds reflecting the changes that occurred 
therein during the fiscal year ended October 31, 1951. 
INSURANCE 


The insurance coverages of the Society follow: 


FIRE 
Personal Property: 
Printers 2,000.00 51,000.00 
SPRINKLER LEAKAGE 
Waverly Press 10,000.00 
Hawes and Petit 2,000.00 12,000.00 
Property Damage 5M 


GENERAL Pustic LIABILITY—PREMISES 
New York and Cleveland 


Liability . 100/300M 
Bodily Injury... 5/25M 
Parcel. Post OPEN Pouicy 600.00 


COMMERCIAL BLANKET 
All employees including the President, Treasurer and Chairman of the 
Respectfully submitted, 


Frank G. Tusa & Co. 


Certified Public Accountants 


i 
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BALANCE SHEET 


Tue American Society or HeaTING AND VENTILATING ENGINEERS—New York, N. Y. 


October 31, 1951 


GENERAL FuND 
CASH 
On Hand and on Deposit.................. 
SECURITIES 
At Cost (Market Value $34,281.40)........... 


Add: Accumulated 


AccOUNTS RECEIVABLE 
Membership Dues....... 
Less: Reserve for Doubtful... 


Advertisers and Sundry Debtors........ ; 


Less: Reserve for Doubtful.......................... 


ADVANCES TO EMPLOYEES PENSION TRUST.... 


CHARGER. 


RESEARCH FUND 
CASH 
On Hand and on Deposit............. 
AccOUNTS RECEIVABLE 
40% of Dues... 
Less: Reserve for Doubtful. 


Due from U.S. Navy Department..... 
Miscellaneous 


ADVANCES TO EMPLOYEES PENSION TRUST... 


DEFERRED CHARGES.. 


PROPERTY FUND 


Land and Buildings......... 
Less: Reserve for Depreciation iceawastaaice ; 
Laboratory and Equipment (Cleveland).... 


Less: Reserve for Depreciation.............. ; 


Furniture and Fixtures (New York).......... 


Less: Reserve for Depreciation................ 


Library (Cleveland).......... 
Tools (Cleveland).......... 


RESERVE FuNDS 
Securities at Cost (Market Value 
$62,827.45). 
Add: Accumulated Interest. 


ASSETS 


$32,008.25 
3,069.37 


$11,779.97 
4,269.14 7,510.83 


8,256.06 
1,000.00 7,256.06 


77.00 


$ 4,054.39 
1,517.25 2,537.14 


3,446.24 
15.00 
11.50 


84,920.96 
3,908.07 


55,914.37 
23,997.54 


10,138.20 
2,672.26 


53,631.50 
9,195.95 


$73,162.65 


35,077.62 


14,843.89 


11,284.26 
425.00 
1,429.66 
4,353.87 


17,760.71 


6,009.88 


976.97 
207.80 


81,012.89 


31,916.83 


7,465.94 


300.00 
300.00 


12,376.95 


62,827.45 


$140,576.95 


24,955.36 


120,995.66 


75,204.40 


i 
| 
DEPOSIT WITH UNITED AIRLINES.................... . 


8 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


ENDOWMENT FuNDS 


F. PauL ANDERSON FuND 
Securities at Cost (Market Value 


RESEARCH FuND 
Cash on Deposit.............. 


RESEARCH RESERVE FUND 


LIABILITIES 


GENERAL FuND 


FEDERAL WITHHOLDING TAXE6........ 


ACCRUED ACCOUNTS 
Salaries and Commissions........ 
Professional Fees.............. 


DEFERRED INCOME 
Prepaid Membership Dues: 
Candidates................ 884.50 


Prepaid Admission Fees........................ 
Junior-Student Member Award...... 


EXCHANGE 

RESERVE FOR PUBLICATIONS 
TRANSACTIONS—Volume 55...... 
TRANSACTIONS—Volume 


RESEARCH FuND 


DEFERRED INCOME 
Sound Energy—Studies.................... 
Periodic Heat Flow Through Roofs.. 
Summer 
Insulation........... 


FUNDS 


Property Fund.... 

General 
Reserve Fund...... 

F. Paul Anderson Fund.. 
Research Fund..................... 
Research Reserve Fund............. . 
Research Endowment Fund........ 


166.55 
1,000.00 
12.50 1,012.50 
$ 768.90 
2,537.14 
$11,151.30 
1,000.00 12,151.30 
1,972.13 
1,820.00 
100.00 3,892.13 
25.00 
4,500.00 
12,500.00 17,000.00 
574.39 
1,175.00 
1,175.00 
1,000.00 
120,995.66 
104,202.48 
75,204.40 
1,179.05 
21,030.97 
34,741.43 
687.66 


1,179.05 


687.66 


34,741.43 


$398,340.51 


$36,374.47 


3,924.39 


358,041.65 


$398,340.51 


$958.00) 
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CONDENSED COMPARATIVE BALANCE SHEET 


Tue American Society oF HEATING AND VENTILATING ENcineeRs—New York, N. Y. 


October 31, 1951 


ASSETS 
Cash on Hand, on Hand for Deposit and on Deposit.......... 


Securities (At Cost—Plus Accumulated and Accrued 

Accounts Receivable (Less: Reserve for Doubtful Accounts) 

Inventory of Paper, Emblems, Etc..................... 

Land and Buildings (Less: Reserve for Depreciation).......... 


Laboratory Equipment, Tools, Furniture, Fixtures and 
Library (Less: Reserve for Depreciation)............................ 


Deferred Charges.............. 


LIABILITIES 
Accounts Payable......... 
Federal Withholding Taxes......... 
Accrued 
Deferred Income: 


Prepaid Dues, Initiation Fees, Etc............ 


Reserve for Publication of Transactions....... 


TOTAL LIABILITIES.......... 


TOTAL LIABILITIES AND FUNDS....... 


October October Increases 
31, 1951 31, 1950 Decreases 
$138,895.95 $131,593.89 $ 7,302.06 
98,917.57 100,713.05 ( 1,795.48) 
18,316.63 18,174.46 142.17 
11,284.26 14,679.96 3,395.70) 
425.00 425.00 —0— 
2,406.63 2,419.23 ( 12.60) 
81,012.89 81,012.89 —0— 
39,982.77 38,553.40 1,429.37 
4,561.67 4,668.12 ( 106,45) 
$395,803.37 $392,240.00 $ 3,563.37 
$ 25.00 $ —O— $ 25.00 
768.90 552.70 216.20 
12,151.30 11,597.66 553.64 
3,924.39 9,156.89 ( 5,232.50) 
3,892.13 14,585.48 (10,693.35) 
17,000.00 28,646.94 (11,646.94) 
37,761.72 64,539.67 (26,777.95) 
120,995.66 119,566.29 1,429.37 
104,202.48 95,971.35 8,231.13 
75,204.40 67,776.98 7,427.42 
1,179.05 1,150.97 28.08 
21,030.97 21,308.18 ( 277.21) 
34,741.43 21,252.46 13,488.97 
687.66 674.10 13.56 
358,041.65 327,700.33 30,341.32 
$395,803.37 $392,240.00 $ 3,563.37 


9 
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STATEMENT OF INCOME AND EXPENSES 
Tue American Socrety of Heatinc AND VENTILATING ENGINEERS—New York, N. Y. 
For the Fiscal Year Ended October 31, 1951 


INCOME FROM DvuES 
104— MEMBERS. 
Less: Cancellations........ 


Less: 40% to Research Fund.. rs sia 


105—ASSOCIATES. 


Less: Cancellations...... 
Less: 40% to Research Fund.. 


105A—AFFILIATES.......... 
Less: Cancellations... 


Less: 40% to Research Fund..... 


Less: Cancellations....... 


Less: Cancellations........ 


ToTat 
OTHER INCOME 


108—Admission Fees................. 
109—Emblems. 


INCOME FROM PUBLICATIONS 
115—Journal 


118—Books, Reprints and Codes... 


INVESTMENT INCOME 
125—Interest—Savings Banks...... 


RESEARCH 
From A.S.H.V.E. 


40% of Members, Associates and Affiliates... 


From U. S. Navy RESEARCH 
CONTRIBUTIONS— 
GENERAL 
EARMARKED 


Received during the current fiscal year.... 


Add: Deferred from prior years........ 
Deduct: Deferred to future operations 
1951 ExpostTION CONTRIBUTIONS 


INTEREST EARNED...... 


ToTaL INCOME 


INCOME 
$ 78,161.84 
610.50 $77,551.34 
31,020.54 $ 46,530.80 
63,728.65 
300.00 63,428.65 
25,371.46 38,057.19 
7,774.00 
100.00 7,674.00 
3,069.60 4,604.40 
19,493.00 
265.50 19,227.50 
2,484.00 
39.00 2,445.00 
5,836.00 
284.48 
23,499.96 
125,208.63 
566.39 
2,053.46 
424.23 
1,469.85 
$ 12,870.00 
$ 41,983.26 
9,156.89 $ 51,140.15 
3,924.39 47,215.76 


32,988.36 


$110,864.89 


6,120.48 


151,328.44 


1,894.08 


$ 59,461.60 
31,470.21 


93,074.12 


44.73 


$454,258.55 


j 
| | 
| 
300—¢ 
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(Forwarded) 
COMMITTEES AND CHAPTERS—SCHEDULE F 


150—Officers Travel 


EXPENSES 


151—Council and Council Committee Travel. 


171—Charter and By-Laws Travel 
172—Nominating Committee Travel.. 


173A—Chapter Speak 


ers Travel 


173B—Chapter Conference Committee Travel...... 
173C—Chapter Relations Committee... 


175—Building Commi 
201—ASA Membershi 


p Dues...... 


204— Membership Certificates............ 


205—Emblems. 


206—Medals and Awards....:....... 


MEETINGS—SCHEDULE G 


327—Chapter Annual and Semi-Annual Meeting Allowances 


PUBLICATION—SCHEDULE H 


200—Members Subscriptions to H.P.A.C..... 
203— Membership Roll 
208—Books, Reprints, Codes, Charts, ete. 


305—Guide................. 


HEADQUARTERS—SCHEDULE I 
210—Salaries—Secretary and Staff...... 
210A—Social Security Taxes................ 


211—Public Relations.: 


212—Traveling—Secretary and Staff.. 
213—Rent and 


214—Telephone............... 


215—Telegraph. 


216—Postage............... 
217—Printing and Stationery 


219—Addressing and Address Changes... 
220—Professional Services... 


221—Bank Charges. 


11—Depreciation—Furniture and Fixtures... 


223—Office Expenses.. 
223A— Moving Expen: 
224—Pension............... 


Funpb RatstinGc—ScHEDU 


ses... 


LE K 


350—Salaries and Fees... 


351—Travel................ 
352—Printing.... 


353—Exhibit at Exposition........................ 


354—Postage and Miscellaneous Expenses... 


RESEARCH-SCHEDULE J 
COMMITTEE EXPENSES 
Committee Travel...... 


Chairman and Executive Committee Trav el 


Open House Expenses 


(Forward) 


4,126.89 
7,906.36 
256.44 
536.78 
253.03 
2,490.86 
1,517.60 
4,723.71 
540.15 
2,806.37 
100.00 
471.70 
166.07 
313.86 


6,190.84 


1,575.31 


16,534.36 
267.36 
7,233.70 
1,619.77 
75,474.49 


2,878.32 
50.60 
590.09 
935.75 
1,826.94 
5,507.18 
1,091.62 


7,455.00 
813.95 
2,282.67 
205.30 
1,397.32 


2,203.85 
1,660.84 
643.72 


26,209.82 


7,766.15 


101,129.68 


107,321.26 


12,154.24 


4,508.41 


$ 259,089.56 


11 


$ 454,258.55 


170—Admissions and Advancement Committee Travel........ 
| 
394.18 
6,522.93 
5,477.25 
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(Forwarded) 


STAFF SALARIES 


LABORATORY EXPENSES 


General Staff 
Society Meeting 
Telephone and Telegraph... 
Library and 

Professional 
Workmen's Compensation Insurance 


Laboratory Materials and 
Depreciation of 


BUILDING OPERATIONS AND MAINTENANCE 


Janitors Supplies.................... 
Building Maintenance 
Building Insurance....................... 


U. S. Navy RESEARCH 


Committee Travel 


Materials, Supplies and Equipment 


COOPERATIVE RESEARCH AGREEMENTS 


Columbia University...................... 
Kansas State College................... 
Northwestern University.... 
Pennsylvania State College........................ 
University of 


University of Minnesota............................ 


DEDUCTIONS 


Admission Fees allocated to Reserve Fund.......................0006 


Loss from C dian Exchange 


Loss on Redemption of U. S. Treasury Bonds........................ 


Excess oF INCOME OVER EXPENSES 


$ 259,089.56 $ 454,258.55 


64,552.66 
11,065.35 
1,309.74 
12,182.37 
216.34 
818.55 90,145.01 


2,829.94 
1,854.70 
489.21 
1,983.83 
1,019.38 
1,879.95 
330.71 
472.86 
228.12 
7,905.81 
5,303.61 24,298.12 


1,647.20 
1,182.24 
47.83 
2,687.59 
368.43 
965.36 
576.08 7,474.73 


11,663.67 
119.07 
142.49 


11,515.12 23,440.35 


2,500.00 
200.00 
3,200.00 
1,500.00 
2,200.00 
1,000.00 
6,500.00 
3,400.00 
520.02 21,020.02 


425,467.79 


5,836.00 
480.61 
102.50 


$ 28,790.76 


6,419.11 


$ 22,371.65 


Administrative, Engineering and 
Part Time............ 
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BUDGET COMPARISON—CASH RECEIPTS 
Tue American Sociery or Heatina AND VENTILATING ENGINEERS—New York, N. Y. 
For the Fiscal Year Ended October 31, 1951 
Budget 
Actual Provision Increases Decreases 
Dues—ScHEDULE A 
CURRENT MEMBERS 
$ 38,892.15 $ 45,000.00 $ $ 6,107.85 
6B—Associates and Affiliates...................... 33,738.71 45,000.00 11,261.29 
13,072.03 8,000.00 5,072.03 
6D—Students.............. 1,496.10 2,000.00 503.90 
87,198.99 100,000.00 5,072.03 17,873.04 
NEW MEMBERS 
1,934.21 2,250.00 315.79 
105—Associates and Affiliates. =e 2,433.30 1,500.00 933.30 
7,654.51 5,200.00 2,770.30 315.79 
Prior YEARS DUES 
6F—Associates and Affiliates.. 2,653.28 2,400.00 253.28 
5,092.83 4,600.00 586.83 94.00 
108—Admission Fees. 6,367.50 4,500.00 1,867.50 
DEFERRED INCOME 
6I—Prepaid Dues by Members.................. 310.06 250.00 60.06 
6J—Prepaid Dues by Candidates................ 772.50 750.00 22.50 
1,082.56 1,000.00 82.56 
PUBLICATION—SCHEDULE B 
115—JOURNAL 23,499.96 23,500.00 
300—GuweE Advertising 74,976.54 67,000.00 7,976.54 
49,383.49 52,000.00 2,616.51 
597.35 1,500.00 902.65 
118—Books, Reprints and Codeg.................... 1,817.02 1,000.00 817.02 
150,274.36 145,000.00 8,793.56 3,519.20 
INVESTMENTS—SCHEDULE C 
125—Interest—Savings Banks........................ 584.13 800.00 215.87 F 
585.94 800.00 214.06 
1,170.07 1,600.00 429.93 
OTHER RECEIPTS—SCHEDULE D 
328.00 500.00 172.00 
328.00 500.00 172.00 


‘ 
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RESEARCH LABORATORY RECEIPTS— 
ScHEDULE E 
40% of Members, Associates and Affiliates 


. $ 58,373.46 $ 65,100.00 $ $ 6,726.54 
Contributions—Earmarked. 41,983.26 60,000.00 18,016.74 
Contributions—General 12,870.00 10,000.00 2,870.00 
Contributions— Exposition 7 32,988.36 —0— 32,988.36 
Navy Research.......... 37,018.29 39,700.00 2,681.71 
Interest ' 558.90 —0— 558.90 


183,792.27 174,800.00 36,417.26 27,424.99 


ToTAL RECEIPTS Geen 961.09 $437,200.00 $ 55,590.04 $ 49,828.95 


BUDGET COMPARISON—CASH DISBURSEMENTS 
Tue American Society oF HEATING AND VENTILATING ENGINEERS—New York, N. Y. 


For the Fiscal Year Ended October 31, 1951 


Budget 
Actual Provision Increases Decreases 
COMMITTEES AND CHAPTERS—SCHEDULE F 
150—Officers Travel.................. $ 4,126.89 $ 4,000.00 $ 126.89 $ 
151—Council and Council Committee Trav el 7,673.25 8,500.00 826.75 
164—Standards Committee.......... hits 256.44 750.00 493.56 
170—Admissions and Advancement 
Committee........ aan 536.78 600.00 63.22 
171—Charter and By-Laws.......... 253.03 300.00 46.97 
172—Nominating Committee.......... 2,490.86 2,500.00 9.14 
173A—Chapter Speakers Travel.......... 1,403.58 2,000.00 596.42 
173B—Chapter Conference Committee 
4,723.71 5,000.00 276.29 
173C—Chapter Relations Committee. 548.82 600.00 51.18 
175— Building Committee.............. 2,806,37 3,000.00 193.63 
201—ASA Membership Dues... 100.00 100.00 —O0— 
204— Membership Certificates 664.68 1,000.00 335.32 
205—Emblems.... 529.78 1,000.00 470.22 
206— Medal and Awards. 313.86 250.00 63.86 
26,428.05 29,600.00 190.75 3,362.70 
MEETINGS—SCHEDULE G 
163— Meetings........... 6,190.84 6,000.00 190.84 
327—Chapter Meeting Allowance 1,575.31 2,000.00 424.69 
7,766.15 8,000.00 190.84 424.69 
PUBLICATIONS—SCHEDULE H 
200—JouURNAL Subscriptions................ 16,577.25 16,500.00 77.25 
202—T RANSACTIONS. 12,870.92 24,500.00 11,629.08 
203—Membership Roll.............. 7,233.70 6,000.00 1,233.70 
208—Books, Reprints, Codes, Charta, € etc..... 1,619.77 2,200.00 580.23 
305-325—GutpE Publication and 
Distribution...... 5 70,897.41 70,000.00 897.41 
109,199.05 119,200.00 2,208.36 12,209.31 
HEADQUARTERS—SCHEDULE 
210—Salaries.. = 63,822.79 75,000.00 11,177.21 
210A—Social Security Taxes. 394.18 1,000.00 605.82 


211—Public Relations........ ; 5,836.03 5,500.00 336.03 


ey 
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212—Travel—Secretary and Staff.................. $ 2,945.93 $ 3,800.00 §$ $ 854.07 
658.78 600.00 58.78 
217—Printing and Stationery.................. seek 5,484.50 6,500.00 1,015.50 
219—Addressing and Address Changes....... ° 528.16 500.00 28.16 
220—Professional Services.... andasaaeauitcee 2,678.32 3,000.00 321.68 
221—Bank Charges.......... 50.60 100.00 49.40 
821.10 500.00 321.10 

11—Furniture and Fixtures........ 1,912.25 2,000.00 87.75 
223—Office Expenses................. 1,864.99 2,000.00 135.01 
224— Pension 1,085.07 1,000.00 85.07 

— Moving Expenses...... 5,500.00 5,500.00 
107,997.69 121,000.00 1,798.04 14,800.35 
RESEARCH—SCHEDULE J 
Research Committee Expenses................... 4,508.41 5,000.00 491.59 
Laboratory Expenses. 24,750.99 27,600.00 2,849.01 
Laboratory Operations and Maintenance.. 6,958.27 9,100.00 2,141.73 
Cooperative Contracts. 21,020.02 22,500.00 1,479.98 
Navy Research......... 23,440.35 29,380.00 5,939.65 
170,823.05 197,200.00 26,376.95 
FunpD RAISING—SCHEDULE K 
: 7,463.08 9,000.00 1,536.92 
Travel... 813.95 1,500.00 686.05 
Printing es 2,282.67 2,250.00 32.67 
Exhibit at Exposition......... 205.30 500.00 294.70 
Postage and Miscellaneous... 1,389.24 1,250.00 139.24 
12,154.24 14,500.00 171.91 2,517.67 
ToTAL DISBURSEMENTS...... . $434,368.23 $489,500.00 $ 4,559.90 $ 59,691.67 


President Seeley announced that a ballot for officers and for Amendments to 
the By-Laws had been sent to all members eligible to vote. The Amendments 
were presented for discussion at the Semi-Annual Meeting, Portland, Ore., 
July 2-4, 1951, and were published in the Proceedings of this meeting (see 
Chapter 1424, A.S.H.V.E. Transactions, Vol. 57, p. 335). 

There were two technical papers presented at the first session (see Program, 
page 33). The session was adjourned by President Seeley at 4:30 p.m. 


SEconp Session, TuESDAY, JANUARY 29TH, 9:30 A.M. 


The second technical session at which First Vice President Ernest Szekely 
presided was called to order at 9:30 a.m. in the ballroom of the Hotel Statler. 
He called on Mr. Moon to present the report of Inspectors of Election. 


REPORT OF INSPECTORS OF ELECTION 


Ballot for Officers 
President, Ernest Szekely, Milwaukee, Wis.............. 
First Vice Pres., Reg. F. Taylor, Houston, Tex............. 
Second Vice Pres., L. N. Hunter, Johnstown, Pa... 


Total 
1537 
1539 
1534 
1538 | 
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Members of Council (Three-year Term) 


Committee on Research (Three-year Term) 


Scattering votes: President 2; 2nd Vice Pres. 5; Treasurer 1; Council 5; and Committee 
on Research 4. 


Votes for Amendments to By-Laws Yes No 
3. Art. II, Sec. 3 (h) Student 1516 23 
4, Art. II, Sec. 4, Privileges and Limitations. 1531 
6. Art. II, Sec. 8, Non-payment of dues.... 1530 9 
8. Art. IV, Sec. 4, Dues to constitute subscriptions.............. scpilctesl tabdacnanees 1531 8 

10. Art. VII, Sec. 3 (f) Chapter Relations Committee.........00....0.00..0000.:cccces 1532 7 

11. Art. VII, Sec. 3 (h) Committee on Research 15336 


Respectfully submitted, 


L. Walter Moon, Chairman 
C. H. McGuiness 
J. J. Bechtol 


The report of the Committee on Research for the year 1951 was presented 
by I. W. Cotton, chairman. 


ANNUAL REPORT OF COMMITTEE ON RESEARCH—1951 


OCIETY Research during 1951 was concerned with a total of 20 projects at the 
Laboratory and 14 projects, or studies, at cooperating institutions, as follows: 


LABORATORY PROJECTS 


Panel Heating and Cooling: (1) Completion and instrumentation of Environment 
Laboratory; (2) Investigation of heat exchange between a floor or ceiling panel and 
other room surfaces and the air in the space; (3) Field studies on heat losses from 
concrete floor slabs; (4) Laboratory studies on heat flow from plaster panels; (5) 
Analogue studies on concrete slabs laid directly on the ground. 


Solar Heat Gain and Shading Effects: (6) The effects of shades on reducing solar 
heat gain; (7) Film coefficients for low air velocities; (8) Radiant energy emission of 
atmosphere and ground; (9) Design data for figured glass. 
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Air Distribution: (10) The fundamentals of ventilation jet behavior; (11) Iso- 
thermal and chilled jets discharging into a large space; (12) Turbulence in isothermal 
movement; (13) Development of turbulence intensity indicator; (14) Development 9 
velocity direction probe; (15) Smoke filament techniques to determine velocity 
direction. 


Human Calorimetry (O.N.R. Contract): (16) The construction and operation of a 


calorimeter and auxiliary equipment for the study of heat exchange between the human 
body and its environment. 


Odors: (17) The construction, equipping and instrumentation of two odor-free test 
rooms for studies on the relationship of the principal physical characteristics of air to 
the development and perception of odors of varying types and levels. 


Heat Storage (Cooling Loads): (18) The use of thermal circuits in the study of 
factors influencing the instantaneous load on an air conditioning system. 


Air Cleaning: (19) The development of standard methods for the testing and rating 
of air cleaning devices used in general ventilation. 


Sorbents: (20) Field studies of test methods for sorption-type dehumidifiers. 


CooPERATIVE PROJECTS 


Air Distribution: (1) Air flow from ceiling outlets; (2) Downward projection of 
heated air streams; (3) Friction in rectangular branch take-off fittings. 


Building Materials: (4) Water vapor permeance of building materials. 


Heat Pump: (5) Thermally actuated moisture migration in granular-media; (6) 
Solar energy as a potential heat source for heat pump installations. 


Panel Heating: (7) Field studies on the control of panel heating systems. 


Hot Water and Steam Heating: (8) Noise in piping systems; (9) Air elimination 
in hot water heating systems. 


Physiological Research: (10) Physiological adjustments to changes in atmospheric 
environment. 


Cooling Loads: (11) The sol-air thermometer and sol-air temperature concept. 


Industrial Ventilation: (12) Local exhaust ventilation for control of atmospheric 
contaminants. 


Air Conditions and Plant Growth: (13) The role of air conditions in plant growth 
and reproduction. 


Heating Loads: (14) The measurement of rate of air change in rooms by the 
tracer-gas technique. 


ENVIRONMENT LABORATORY 


The outstanding accomplishment at the Laboratory in 1951 was the substantial 
completion of the Environment Laboratory, the inauguration of the first studies with 
which it will be concerned, and the Open House marking the event. 

The decision to build an Environment Laboratory was reached more than two years 
ago. Work on the preliminaries of construction began late in 1949, and the room was 
completed in its present form in time for the official opening on November 1, 1951. 
Details of the room, its construction, and its special features are covered in a paper* 
presented at the 58th Annual Meeting in St. Louis. 


* The A.S.H.V.E. Environment Laboratory, by Cyril Tasker, C. M. Humphreys, G. V. Parmelee, 
and L. F. Schutrum (see Chapter 1444 this volume). 


. $ 
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During the two years from November 1, 1949, to October 31, 1951, costs for labor, 
materials, equipment and general expenses on this room totalled approximately $76,500. 
Of this about $25,000 covered materials and equipment, and $51,500 covered direct 
labor and general expenses. 

This new facility entailed a great deal of development work. For example, no one 
had ever used heat-flow meters on such a large scale to give detailed measurements of 
heat flow between the surface of any panel, the surrounding surfaces and the air of the 
enclosure. Novel features were introduced in instrumentation and measurement. It 
was not feasible to turn much of the work over to outside contractors. Members of 
the Laboratory staff working under close supervision did the planning and most of the 
actual construction. 

The Society had needed facilities of this type ever since the Laboratory was moved 
from Pittsburgh. Its outstanding usefulness in needed and practical research can be 
judged by the fact that a request for the use of these facilities has already been made 
by the TAC on Sensations of Comfort, while suggestions for its possible use in their 
programs have come from several other technical advisory committees. 

The exploratory tests made since the official opening exceeded expectations ; the TAC 
on Panel Heating and Cooling, which is concerned with the present series of studies, 
is reviewing the results during this meeting. The staff finds the room easy to operate. 
It will be used during 1952 to maximum capacity on programs developed by the staff 
with the counsel and guidance of the TAC on Panel Heating and Cooling. 


Navy CALORIMETER 


The Navy calorimeter excited great interest during Open House. The calorimeter 
itself was on display, almost in its final form. The supporting equipment, mechanism, 
piping, and wiring commanded further attention. 

The project of building this equipment has been a major challenge to the Laboratory 
Staff; very little work of a similar nature had ever been done before, so that the basic 
ideas translated into workable facilities represented a major research project. 


Open House 


The Open House was held November 1 and 2, 1951. The program has been 
published,} together with full reporting of activities. 

The entire staff at the Laboratory participated, each individual member having a 
specific assignment in welcoming visitors and showing full details of all matters of 
current interest in Society research activities, 


CooPERATIVE RESEARCH 


Some time ago Council recommended to the Committee on Research that cooperative 
research and the establishment of research fellowships should be expanded. The 
breadth of the program adopted by the Committee in compliance can be seen in the list 
of cooperating institutions shown on page 20. 

Three institutions, Northwestern University, Evanston, Ill., the University of Pitts- 
burgh, and the California Institute of Technology, have been added during the year. 
Studies at Northwestern have been under way for more than half the year, studies at 
the other two are just now getting under way. The project at California Institute of 
Technology is a new field of interest for the Society. 


t New A.S.H.V.E. _Environment Laboratory Inaugurated (A.S.H.V.E. Journat Section, Heating, 
Piping & Air Conditioning, December 1951, pp. 120-125). 
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Further expansion of cooperative research, or even the continuation of the present 
program, will involve difficulties which are already being encountered in finding men 
available and willing to do post-graduate research in the colleges. The Committee on 
Research will give continuing attention to the desirable objective of making cooperative 
research increasingly attractive to the right type of men in the colleges. 

This same problem also faces the Committee with regard to the Laboratory, and it 
becomes more of a problem each year to attract young engineers into research institu- 
tions of the type of the Society’s Research Laboratory. Fortunately the Committee 
has been able to retain the services of key personnel. 


RESEARCH EXPENDITURES 


The chairman of the Committee on Research in the 1950 Annual Report reviewed 
research operations for the previous decade. The consistent growth which he reported 
there has been maintained during 1951. Total expenditures were $170,820. Direct grants 
for cooperative research and research fellowships in 1951 totalled over $21,000. This 
is the highest figure in the history of Society research. 

Expenditures for staff salaries represent 59 percent of the total research expenditures 
including cooperative research grants, and 67% percent of the total expenditures when 
these are excluded. These figures compare favorably with those of a number of other 
research institutions. 


In several large research institutions over the past few years, budgets for research 
programs have been analyzed on the basis of cost per overall person. The resulting 
figures have ranged between $5000 and $7500, depending on the size of the institution 
and type of work undertaken, with an average of around $6300. Analyzed on the same 
basis, the overall costs of the Society’s research operations in 1951 were $5970 per 
person when cooperative research grants are excluded, and $6800 when they are 
included. Cooperative research is not carried on without overhead costs for organiza- 
tion and administration, review of results by responsible committees, and the publication 
of the results of the studies, 


RESEARCH INCOME 


Dues income is the foundation stone on which all research operations are built, but it 
would be unfair to all those organizations and individuals in the industry who have 
participated in the research program in 1951 to minimize in any way the importance 
and value of their support. Cloud Wampler, president of the Carrier Corp., Syracuse, 
N. Y., made the following remarks at the inauguration of the Environment Laboratory 
regarding industry support, financial and technical, of the Society’s research program: 

At least 1.5 cents of each of the sales dollars in the air conditioning and refrigeration 
part of our industry is plowed back into research of one type or another ..... In this 
area alone the investment in research was just short of $10,000,000. lf to this we add 
other research that is of direct benefit to us, we could guess quite plausibly that the 
total research bill comes somewhere near $20,000,000 annually ..... The great bulk of 
this goes into product and process development ..... This is exactly as it should be. 

However, the question I would raise directly with you is whether we are spending 
enough money on long-range fundamental and applied research of a type which will 
perpetuate and benefit the entire industry. True, some of this work is now being 
carried on by individual companies as part of their contribution to the future. But there 
are many fine companies which cannot afford to do this, nor put the proper talent to 
work on it, nor provide the proper atmosphere for such work—an atmosphere which 
should be reasonably free from commercial pressures. 

The entire program for the A.S.H.V.E. Laboratory in 1952 will cost less than 
$200,000. And industry will contribute less than 40 percent of this sum. So at present 
the Laboratory is costing our industry only about one-hundredth of one percent of the 
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sales volume of air conditioning and commercial and industrial refrigeration equipment 
alone, and represents only about four-tenths of one percent of the total amount invested 
each year in research in the field of heating, ventilating and air conditioning. 

Gentlemen, I submit to you that we should be spending a great deal more on funda- 
mental research. And I say to you, this is not an expense. It is an investment—an 
investment in our own future. 

However, it is still not enough for us to say, Here’s the money—go to it! We also 
must make adequate contributions of the time of our best engineering people to assure 
the success of the program. Good technical brains are needed on the advisory com- 
mittees and on panels to advise as to how and where the money should be spent. 

As to value received, there simply is no question about it. I know that fundamental 
research sometimes seems to move very slowly. Perhaps it does. But no intelligent 
person can expect basic results to be achieved on a time-table basis. And you have 
only to look back over the years to see what extremely valuable data have come out 
ot A.S.H.V.E. research alone. 


OPERATIONAL GUIDE 


One important accomplishment of the Committee on Research during 1951 was the 
completion of the Operational Guide, outlining its own procedures and those of the 
Technical Advisory Committees. This work was necessitated because of the adoption 
of the new Society Chapter and By-Laws, but even if this requirement had not arisen, 
the time had arrived for research operations to be systematized and better coordinated 
into the Society’s other activities. 

This Guide sets up general procedures governing the respective duties and responsi- 
bilities of the Chairman, the Committee on Research, the Technical Advisory Com- 
mittees and the Director of Research. It outlines in some detail the steps for the 
development of a research project under the Committee on Research and endeavors 
to insure that all serious suggestions for worthwhile projects receive careful study, 
and that no project is undertaken unless it has received a thorough screening by the 
responsible committees. 


A.S.H.V.E. Researcu 1N CooperaATING INSTITUTIONS 


California Institute of Technology, Pasadena, 
Cal.: (Research Fellowship) The Role of Air 
Conditions in Plant Growth, Plant Reproduc- 
tion and Photosynthesis. 

Case Institute of Technology, Cleveland, 
Ohio: (Research Fellowship) Air Flow from 
Annular Slots, Ceiling Plaques and Circular 
Diffusers. 

Columbia University, New York, N. Y.: The 
Investigation of Thermally Actuated Moisture 
Migration in Granular Media. (Heat Pump) 

Cornell University, Ithaca, N. Y.: The Sol- 
Air Thermometer and the Sol-Air Tempera- 
ture Concept. 

University of Florida, Gainesville, Fla.: Air 
Entrainment in Hot Water Heating Systems. 

University of Illinois, College of Medicine, 
Chicago, Ill.: The Physiological Adjustments 
made by Healthy and Physically Impaired Per- 
sons to Rapid Changes in Atmospheric En- 
vironment. 


Kansas State College, Manhattan, Kan.: The 
Downward Projection of Heated Air Streams. 
Michigan State College, East Lansing, Mich. : 
Friction in Rectangular Branch Take-Off Fit- 
tings. 
University of Minnesota, Minneapolis, Minn. : 
(a) Solar Energy as a Potential Heat Source 
for Heat Pump Installations. 
(b) (Research Fellowship)—Field Studies on 
the Control of Panel Heating Systems. 


Northwestern University, Evanston, IIL: 


Noise in Piping Systems. 

Pennsylvania State College, State College, 
Pa.: (Research Fellowship)—The Water Vapor 
Permeance of Building Materials. 


University of Pittsburgh, Pittsburgh, Pa.: 
(Research Fellowship)—Design Requirements 
of Local Exhaust Ventilation for Control of 
Atmospheric Contaminants Released by Hot 
Industrial Processes. 
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Its completion represents painstaking work on the part of many individuals. The 
Committee on Research took cognizance of the efforts of one member particularly, W. 
A. Grant, passing the following resolution: 


THAT a vote of thanks be extended to Mr. Grant for the fine work done 
in drafting the Operational Guide for the Technical Advisory Committees. 


Continuous effort will be made in 1952 to keep each of these Technical Advisory 
Committees at a point of maximum strength and activity. The wealth of knowledge 
available to research through these committees represents a priceless asset and must be 
utilised to fullest advantage. 


LIAISON WITH CHAPTERS AND ENTIRE SoctETY MEMBERSHIP 


Membership interest in Society research has been growing and manifests itself in 
the increasing willingness of chapters and individual members to assist in research 
work. 

A series of slides have been prepared and will be made available, through the Exec- 
utive Secretary, for chapter meetings; the services of individual members of the 
Committee on Research are offered in this same connection. 

In 1948 a survey of membership interest in the type of program most desirable for 
Society research was conducted with some 1100 replies and comments from interested 
members. The information developed by this survey became the basis of the long-range 
research program adopted by the 1950 Committee on Research which became the base 
of our activities. The 1951 Committee on Research voted to conduct another survey. 

Those directly connected with the Society’s research program recognize our obliga- 
tion to the Society membership which provides the funds that are the important base 
of our research expenditures. It is anticipated that the entire membership will also 
appreciate and utilize the opportunity for contribution, not only of the dollars which 
they give, but the even more valuable fund of information and experience which can 
add immeasurably to the furtherance of the Society’s research program. 
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ReEsEARCH PApers—1951 


1. Barometric Draft-Control Analysis, 
by H. B. Nottage, D. W. Locklin, and R. 
G. Huebscher (Cleveland, Ohio) (see 
Chapter 1428, 1951 TRANSACTIONS). 


2. Laboratory Studies of the Thermal 
Characteristics of Plaster Panels, by C. 
M. Humphreys, C. V. Franks, and L. F. 
Schutrum (Cleveland, Ohio) (see Chap- 
ter 1426, 1951 TRANSACTIONS). 


3. The Control of Air Streams from a 
Long Slot, by Alfred Koestel and Chia- 
Yung Young (Cleveland, Ohio) (see 
Chapter 1429, 1951 TRANSACTIONS). 


4. Radiant Energy Emission of Atmos- 
phere and Ground: A Design Factor in 
Heat Gain and Heat Loss, by G. V. Par- 
melee and W. W. Aubele (Cleveland, 
Ohio) (see Chapter 1442 this volume). 


5. Physiological Adjustments of Cloth- 


ed Human Beings to Sudden Change in 
Environment; First Hot Moist and Later 
Comfortable Conditions, by Ford K. Hick, 
M.D., Tohru Inouye, Robert W. Keeton, 
M.D., Nathaniel Glickman, Maurice K. 
Fahnestock (Chicago, Illinois) (see Chap- 
ter 1447 this volume). 

6. Isothermal Ventilation-Jet Funda- 
mentals, by H. B. Nottage, J. G. Slaby, 
and W. P. Gojsza (Cleveland, Ohio) 
(see Chapter 1443 this volume). 

7. The A.S.H.V.E. Environment Lab- 
oratory, by Cyril Tasker, C. M. Hum- 
phreys, . Parmelee, and L. F. 
Schutrum (Cleveland, Ohio) (see Chap- 
ter 1444 this volume). 

8. A V-Wire Direction Probe, by H. 
B. Nottage, J. G. Slaby and W. P. Gojsza 
(Cleveland, Ohio) (see Chapter 1441 this 
volume). 
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Five meetings of the Committee on Research were held with a total attendance of 
60 members and nine guests. During the year covered by this report 29 meetings of 
Technical Advisory Committees were held, many of them at the Laboratory and two 
of them each lasting two days. The total attendance was over 270 members and 200 
guests. 

The officers of the Society, members of Council and of Society Committees, and 
countless individual members generously supported the 1951 efforts and have earned 
the gratitude of everyone working in the interest of Society research. The cooperation 
extended to me personally throughout the year will always be remembered with 
pleasure and sincere gratitude. My thanks also go to the Director of Research and 
his entire staff not only for faithful service in line of regular duty, but for extraordinary 
efforts and achievements in preparing for our Open House and taking part as hosts 
when we welcomed the friends who responded to our cordial invitation to visit us. 


REPpoRT OF THE DirEcTOR OF RESEARCH 


This report has been prepared to fill in the details on the main items in the program. 

The year has seen a high rate of activity continuously maintained at the Laboratory. 
Several important projects were brought to completion; others, in various stages of 
planning in 1949 and 1950, were activated. Programs to occupy fully all available 
staff were under way at the end of the year and additional staff were being sought. 

Substantial additions were made to the inventory of scientific apparatus and equip- 
ment available for use on projects. 

Under the direction of the Building Committee, several improvements were made 
to the property. Contributions to THE Guipe 1952 were prepared by the TAC’s on 
Combustion; Hot Water and Steam Heating; Industrial Ventilation; Insulation; and 
Panel Heating and Cooling. Laboratory staff members also contributed to several 
chapters. 


Stupies AT CLEVELAND LABORATORY AND COOPERATING INSTITUTIONS 
Air FLow DIstRIBUTION 


Studies on isothermal and chilled ventilation jets have been underway at the 
Cleveland Laboratory since 1948; a major phase was concluded during the year. 
Studies were also continued at: Case Institute of Technology, Cleveland, Ohio; 
Kansas State College, Manhattan, Kan.; and Michigan State College, Lansing, Mich. 

Satisfactory air distribution remains one of the major problems in ventilation and 
air conditioning. In spite of the availability of application data from many sources, 
there is a dearth of fundamental data. This was recognized several years ago by the 
Technical Advisory Committee on Air Distribution, and a long-range program cover- 
ing analytical studies, laboratory investigations and field surveys was prepared and 
adopted. The main objectives were (1) to establish improved engineering design data 
and a better basic understanding for practical room air distribution problems and (2) 
to develop both instrumentation and techniques for obtaining reliable data. 

Studies made under Society sponsorship have been integrated into this overall 
program. The problems are complex, and painstaking work and patience are needed 
in both the experimental phase and in the analysis of the results. 

There is still a good deal of cut and try in the solution of practical air distribution 
problems. Some of the conclusions drawn from fundamental studies may cut across 
preconceived notions of the relative significance and importance of the various factors 
that enter into practical problems. Those working on this part of the research program 
must present the facts as they find them and try to use the results to develop sound 
and usable practical data. Important work in air flow has been carried on in other 
fields than ventilation and air conditioning and every effort is being made to translate 
the results of work in these other fields into data which are applicable in the more 
restricted field of room air distribution. 
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Isothermal Ventilation-Jets: H. B. Nottage presented the third and fourth in a 
series of papers covering the results of tests on isothermal and chilled ventilation jets. 

One paper* covers data and fundamental principles for jets discharging horizontally 
into a large confining space. Another** gives details of the construction and experience 
in use for a simple type of direction-measuring probe developed at the Laboratory for 
use in two-dimensional free streams over a velocity range from 6000 fpm to about 
50 fpm. 


Air Flow from Slots, Ceiling Plaques and Circular Diffusers: A second papert 
covering work at Case Institute of Technology on the flow of isothermal air through 
end-supplied slots was presented at the Semi-Annual Meeting. During the year, under 
an A.S.H.V.E. Research Fellowship, three basic designs of circular outlets have been 
investigated: (1) an annular slot in the face of a wall or ceiling; (2) a continuous 
slot or leakage ring cut transversely around a circular duct; (3) a target or plaque 
placed directly opposite a round discharge outlet at the ceiling. 

Reporting on this work, Prof. G. L. Tuve, Cleveland, Ohio, said: 

Though all three of these basic types of annular outlets have now been studied in 
some detail, the investigation is far from complete. However, it is concluded that the 
performance of radial or annular jets is very similar to that of a series of round 
flow-nozzles arranged in a like pattern. Presence of a parallel wall or ceiling decreases 
the entrainment and increases the throw and the spread of the stream. Approximate 
methods can be given for determining the throw, the spread or the peak velocity of 
any and all of these types of streams. Analytical work supports these conclusions, 
and gives a much more complete correlation than is suggested by these approximations. 


Downward Projection of Heated Air Streams: From these studies, continued, with 
the cooperation of the Industrial Unit Heater Association, under Prof. Linn Helander, 
Manhattan, Kan., a formula was developed for maximum blow from standard 4.S.M.E. 
nozzles of various diameters, with varying initial velocities and initial temperatures. 

To correlate the results from these nozzles with those obtainable with commercial 
types of downblow unit heaters, a series of tests was made with a commercial heater 
equipped with a commercial type nozzle. 


Energy Losses in Take-offs: Available data on energy losses due to take-offs from 
rectangular ducts have long been considered unsatisfactory. Tests are being made at 
Michigan State College, under Dean L. G. Miller, on three different styles of fittings, 
identified respectively as increaser, straight and decreaser types, connected to a 20 x 8 
in. straight duct. The investigations have emphasized the complex nature of air flow 
in both the main duct and the fitting in the vicinity of the take-off. Practical data are 
being sought and results to date indicate that some fundamental principles of the 
dividing streams may be formulated. 


Heat FLrow AND TRANSFER 


Heat Transmission Through Glass: As part of the studies on heat transmission 
through sunlit glass, G. V. Parmelee and W. W. Aubele, made an experimental 
investigation of the nature, magnitude and significance of the low-temperature long- 
wavelength radiation received by building surfaces from the atmosphere, the ground 
and other building surfaces. This subject is ignored today in- heat flow calculations. 


* Isothermal Ventilation-Jet Fundamentals, by H. B. Nottage, J. G. Slaby and W. P. Gojsza (see 
Chapter 1443 this volume). 

** A V-Wire Direction Probe, by H. B. Nottage, J. G. Slaby and W. P. Gojsza (see Chapter 
1441 this volume). 


+ The Control of Air Streams from a Long Slot, by Alfred Koestel and Chia-Yung Young 
(A.8S.H.V.E. Transactions, Vol. 57, 1951). 
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Their findings,f include observations made with a special radiometer designed and 
built at the Cleveland Laboratory. The studies show that the radiant exchange can be 
dealt with by a modification of the now well-known sol-air temperature concept, 
developed by Prof. C. O. Mackey of Cornell University, Ithaca, N. Y. 

On a quiet cloudless night a well insulated flat roof loses 35 percent more heat than 
when the sky is overcast, 25 percent more than when it is windy and overcast, and 15 
percent more than when it is windy and clear. The effect on vertical surfaces is smaller. 
The heat flow through a sunlit roof calculated without regard to radiant energy 
exchange will be about 40 percent too high for a 24-hour period. 


Shading Studies: Both experimental and analytical studies on the effects of shades 
on reducing solar heat gain were continued. Experimental work has yielded solar 
transmission data on white diffuse reflecting, green diffuse reflecting, aluminum 
specular reflecting and dark diffuse reflecting slat-type shades. Tests on the first two 
include two different slat angles and two slat width-spacing ratios, with tests made 
with shades both inside and outside ordinary glass. 

A parallel analytical approach to the absorption and transmittance characteristics of 
slat type shades has been carried through to what is believed to be a practical conclu- 
sion. Curves have been prepared for two slat-width spacing ratios for both diffuse and 
specular reflecting slats for 0, 30 and 45 deg angles. Present efforts are being directed 
toward condensing this material and/or providing simple means of interpolation. 

Test data and analytical data on solar transmittance of slat-type shades are in 
reasonably satisfactory agreement. Some progress has been made in relating convection 
and radiation gains from combinations of sunlit glass and slat-type shades to the 
various factors involved. 


Publication of Usable Data: Additional material covering solar heat gain for figured 
glass was prepared for the chapter on Cooling Load in THe Guipe 1952. Much remains 
to be published from studies which form perhaps the most comprehensive investigation 
continuously carried on by the Society for many years. The technical and financial 
support of the glass industry, some segments of the air conditioning industry and, 
recently, some parts of the shading industry, was largely responsible for their initiation 
and continuation. 


Instantaneous Heat Gains and Cooling Loads: The time-variable nature of the 
principal constituents of cooling loads has lately been receiving increasing attention 
in the air conditioning industry. Laboratory staff have prepared diagrams and explan- 
atory memoranda in an attempt to portray the nature and inter-relation of the major 
factors which influence the instantaneous thermal load imposed on air conditioning 
equipment, and the role of heat storage as a factor in load estimating. 

The staff developed proposals for a preliminary attack on certain phases of the 
problem, the primary objective being to calculate a relationship between instantaneous 
load and time for a simple single-room thermal system and to gain experience in 
making thermal-circuit calculations. Such a study should show whether further 
development of the thermal-circuit method is justified from practical, technical and 
economic standpoints. H. B. Nottage is in charge of this work. 


Heat Pump: Both studies on the heat pump made under Society sponsorship in 
1951 were carried on in cooperating institutions. At the University of Minnesota, 
Minneapolis, Minn., Dr. R. C. Jordan reports that: 

A complete bibliographical study has been made of all reference material relative 
to solar energy as a heat source and from this an analysis as to the practical and 
theoretical considerations on the availability of solar energy has been prepared. 
study of solar energy-heat pump systems is being completed; prime consideration is 
being given to systems as contrasted to components. 

Two of the prime components which must be further developed beyond their present 
state if solar energy systems in general, as well as in specific application to heat pump 


t Radiant Energy Emission of Atmosphere and Ground: A Design Factor in Heat Gain and Heat 
Loss, by G. V. Parmelee and W. W. Aubele (see Chapter 1442 this volume). 
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systems, are to be developed and designed satisfactorily are, (1) solar energy collectors, 
and (2) thermal energy storage systems. In the present study of solar energy-heat 
pump systems certain broad assumptions have been made relative to the potential 
properties of such components. However, concomitantly with the present system 
study, designs are being prepared for experimental solar energy absorbers which it is 
planned to construct and place under experimental test. Furthermore detailed informa- 
tion concerning the solar absorbers must be obtained before the complete limitations 
or potentialities of heat pump solar energy systems can be fully explored. 

At Columbia University, New York, N. Y., under Prof. Carl F. Kayan, studies 
were underway in an attempt to learn more about the basic processes underlying the 
transfer of moisture in a granular medium due to a temperature gradient and to 
develop theoretical or experimental relationship that could be used to predict moisture 
migration. 

Preliminary studies, using radioactive salts, yielded data of promise, the cooperative 
contract was renewed in 1951 and the work is continuing. 


PHYSIOLOGICAL RESEARCH 


Environmental Effects: Studies at the College of Medicine, University of Illinois, 
Chicago, Ill., were continued during 1951, assisted by a research grant-in-aid of the 
National Institutes of Health, U. S. Public Health Service. A paper* was prepared for 
the 58th Annual Meeting of the Society. Dr. Ford K. Hick reports that: 

The research program covers the study of the adjustment of patients with abnormal- 
ities in their heat regulatory processes. As in previous studies the patients wearing 
union suits were subjected to changes in environmental temperature and humidity. The 
types of illness under study are myxedema (extremely low heat production), hyper- 
thyroidism (extremely high heat production) gross obesity and various degrees of 
circulatory and cardiac impairment. Results of these observations will be the subject 
of a later report. 

The effects of different environmental temperatures (72, 76, and 80 F) at 30 percent 
relative humidity have been observed on 8 healthy young women. This information 
serves as a basis of comparison of responses of patients suffering from various defects 
in their heat regulatory mechanisms and of normal young healthy men. The body 
surfaces of the women are cooler than the men for the first hour of the three hour 
exposure in an environment of 72 F. Their body temperatures are higher than the men 
In the 76 F room the lower skin temperatures persist for about 40 min; in the 80 F 
there is no difference throughout the period of exposure. The body temperatures in 
these two environments are also alike. In each of the three environments their feelings 
of warmth or coolness were not different. 


Human CAtorrmetry (ONR Contract) 


Under a contract with the Office of Naval Research, the Laboratory staff have 
designed and constructed a calorimeter for the measurement of heat exchange between 
the human body and its surroundings. The project has been a major one, several 
entirely new features were included in the calorimeter itself and in the auxiliary and 
the control equipment, and many intricate problems were encountered during the 
development and construction phases. 

This apparatus, when complete and operating satisfactorily, will be transferred to 
the Naval Medical Research Institute at Bethesda, Md., and set up under the direction 
of a member of the laboratory staff. 

From the experience gained in the design and construction of this equipment have 
come several developments which have found even wider application in other laboratory 


* Physiological Adjustments of Clothed Human Beings to Sudden Change in Environment; First 
Hot Moist and Later Comfortable Conditions, by Ford K. Hick, M.D., Tohru Inouye, Robert W. 
Keeton, M.D., Nathaniel Glickman, Maurice K. Fahnestock (see Chapter 1447 this volume). 
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projects. Perhaps the most useful of these is the heat flow meter with which all the 
interior surfaces of the calorimeter are lined. This same type of meter, originally 
developed by Dr. T. H. Benzinger, Bethesda, Md., of the Naval Medical Research 
Institute, has been used extensively in the new environment laboratory for measuring 
heat flow across the wall, floor, and ceiling surfaces. 

During the year there have been so many requests from other investigators for 
details of the method of construction and application of these meters that a research 
paper is being prepared giving full information. 

Dr. A. J. A. Roux of the National Building Research Institute, South Africa, spent 
several weeks at the Laboratory, by arrangement with the Office of Naval Research, 
securing full details of the design and construction of the calorimeter and its auxiliary 
equipment as background for the possible construction of similar equipment for use 
in South Africa. 

This was but another example of the close liaison which is maintained with workers 
in allied fields of interest in other lands. There is a steady and increasing exchange of 
information between the laboratory and many places abroad, as well as with those 
working across the border in Canada. 


PANEL HEATING AND COOLING 


As in the past two years, studies under the general direction of the Technical 
Advisory Committee on Panel Heating have been a major activity during 1951. Work 
has also been carried on at the University of Minnesota. 


Environment Laboratory: The Chairman has briefly discussed the completion of 
the Environment Laboratory and a paper** giving details of the construction and 
instrumentation was prepared for the 58th Annual Meeting in St. Louis. 

Immediately after the official opening run-in tests were begun, and by the end of the 
year a series of tests had been made (1) with a heated ceiling, and (2) with a heated 
floor, with all other surfaces held at the same (but of course lower) temperatures. 

In the tests with a heated ceiling very satisfactory checks were obtained between the 
heat input and the heat output as measured by the heat flow meters. 


A few tests made with a heated floor indicated the need for additional heat flow 
meters on the floor, installed with one edge close to the wall of the room. 


Plaster Panels (Group A): The paper} on plaster panels, as presented at the Semi- 
Annual Meeting, covered the results of Laboratory studies of the thermal characteris- 
tics of four different panels. Though it had been hoped that a simple graphical design 
procedure for plaster panels might be developed from these tests, committee deliber- 
ations indicated the need for further study of the results and an attempted correlation 
with published field design data. There is, unfortunately, a scarcity of information on 
plaster panel performance backed up by comprehensive test data. 

Additional field studies on concrete floor panels were made during the 1950-1951 
heating season to supplement the results published in January 1951. A report of the 
results of additional analogue studies has been prepared for committee study. 


Control of Panel Heating Systems: Mention was made in the 1950 report of field 
studies on panel heating controls. Only one building (an office) was completely 
instrumented for the whole of the 1950-51 heating season so that the experiences 
gained and data collected were somewhat restricted. 


** The A.S.H.V.E. Environment Laboratory, by Cyril Tasker, C. M. Humphreys, G. V. Parmelee, 
and L. F. Schutrum (see Chapter 1444 this volume). 

7 Laboratory Studies of the Thermal Characteristics of Plaster Panels, by C. M. Humphreys, C. V. 
Franks and L. F. Schutrum (A.S.H.V.E. Transactions, Vol. 57, 1951). 
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Field tests in ordinary occupied residences are difficult to arrange because of the 
interference caused by the instrumentation. Fortunately, during 1951 it was possible to 
arrange for the incorporation of both instrumentation and equipment to allow methods 
of control to be varied from time to time, into a residence under construction in 
Minneapolis. This is being used for the residential studies in the 1951-52 heating 
season. Instruments, etc. were also installed in an office building and in a manufactur- 
ing building in Milwaukee during the summer. 

It is hoped that these tests will provide data that may help in solving some of the 
problems encountered in practice. 


Industry Support: Direct industry contributions in 1951 earmarked for panel heating 
studies continued to be encouraging. They totalled $21,480 including $5,580 brought 
forward from 1950. The balance of the total funds expended, i.e. approximately 
$35,000, came from General and Reserve Funds available to the Committee on 
Research. 


Hot WaTER AND STEAM HEATING 


The Technical Advisory Committee on Hot Water and Steam Heating sponsored 
two cooperative research projects and the development of additional material for 
Guive during 1951. 

Studies to develop data on air entrainment in hot water heating systems, were made 
at the University of Florida, Gainesville, Fla. A fundamental study of noise in piping 
systems was activated at Northwestern University, Evanston, Ill. A literature search, 
served to show how little basic information has been published on this subject. Tests 
were then made with a 20-ft length of one-inch standard steel pipe through which water 
at 65 F was pumped at velocities ranging from 5% to 9% fps. The noise that resulted 
appeared to be due either to air in the water or to cavitation or to both. The studies 
are continuing. 

A sub-committee, under H. A. Lockhart, Morton Grove, IIl., prepared a comprehen- 
sive report on expansion tanks. 


Opors 


In the latter half of 1951 construction of two relatively odor-free test rooms was 
begun at the Cleveland Laboratory. Each room is 12 x 8 ft with an 8-ft ceiling. The 
walls, floor, ceiling and doors are lined with a special type of wall board which showed, 
on test, no tendency to absorb or retain odors. Each room connects through a weather- 
stripped door with a central corridor 12 ft long and 4 ft wide; each room also has a 
similar door connecting with the main laboratory. 

Very complete equipment will be provided for control of the temperature, relative 
humidity, freedom from dust, etc. in each of the three spaces separately. Means are 
tc be provided for introducing odors representative of those found in occupied and air 
conditioned spaces, and for measuring accurately the amounts of air introduced so that 
the odor concentrations will be known. The corridor will, so far as is possible, be 
kept odor-free. Plans are being formulated for the selection and training of an odor 
panel for the studies. 

The Technical Advisory Committee on Odors is working with other interested 
groups and persons in an attempt to organize an Odor Research Correlation Conference 
during 1952 to bring together persons interested in fundamental research on olfaction. 


CLEANING 


Most of the year has been spent in attempts to develop a satisfactory Code for the 
testing and rating of air cleaning devices. The problem seems exceedingly difficult for 
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at times there appears to be little or no common meeting ground for producers of air 
cleaning devices, large users and independent but interested investigators. The Com- 
mittee held a two-day meeting early in December, following which a third draft of the 
tentative code is being made. 

Attempts are also being made to secure sufficient quantities of sized fractions of 
spherical glass beads in the hope that this material may find use and acceptance as a 
test dust. The question of suitable test dusts is certainly one of major importance for it 
is the one on which there appears to be little general agreement. 


BAROMETRIC DraFt-CONTROLS 


A papert presented by title at the Semi-Annual Meeting, reported the initial results 
of a program on the physical fundamentals of barometric draft-control performance. 
The information thus presented may aid in improving the design and performance 
characteristics of a type of control which is used in very large numbers in domestic and 
small commercial heating installations. 


MEASUREMENT OF WATER-VAPOR PERMEANCE 


Under a research fellowship at the Pennsylvania State College, State College, Pa., 
directed by Prof. E. R. Queer, study has been made of various methods for the rapid 
determination of the permeance of papers to water vapor. Substantial progress was 
made in developing a method which was rapid, was adapted to automatic control and 
yet yielded accurate results. 


Heatinc Loaps 


Rate of Air Change: Equipment for the measurement of the rate of air change in 
rooms, using the tracer-gas method developed during studies at the British Building 
Research Station, was received early in the year and forwarded at once on loan to the 
National Bureau of Standards where it has been used in over 100 tests in the NBS 
test bungalow. The equipment appears to be very useful for measuring rate of decay 
of helium admitted to the rooms, which rate is a measure of the rate of air change. 
Measurements were made in the living space, the attic and the basement of the test 
bungalow at temperature gradients ranging from 0 to 90 F between the living space 
and the enclosure which can be cooled to simulate outside weather. Further tests 
are contemplated. 


INDUSTRIAL VENTILATION 


On the recommendation of the Technical Advisory Committee on Industrial Ventila- 
tion, the Society set up, late in the year, a research fellowship at the University of 
Pittsburgh in an attempt to develop a rational physical basis for the design of local 
exhaust ventilation for the control of hazardous dust, fumes, mists and vapors, and for 
the removal of heat or moisture released to the atmosphere by a variety of hot 
processes in industry. The work will be under the direction of Prof. Theodore F. 
Hatch. 
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Research, and by the Technical Advisory Committees. Society research is unique in 
many ways. Such success as it may have is due in no small measure to the fine team 
spirit which prevails in the activities at the Laboratory, in the contacts with the 
cooperating institutions, and in Committee deliberations. 


Following the report of Mr. Cotton, Cyril Tasker, director of Research, gave 
an abstract of the paper, The A.S.H.V.E. Environment Laboratory. In addition 
three research papers, together with several discussions were presented. The 
session was adjourned at 12 noon. 


Tuirp Session, TUESDAY, JANUARY 29TH, 2:00 P.M. 


President Seeley presided at the third technical session and announced the 
appointment of a Resolutions Committee: E. L. Crosby, Baltimore, Md., 
chairman; P. J. Marschall, Chicago, Ill.; and B. W. Farnes, Portland, Ore. 


The third session was a symposium on The Industrial Atmosphere and was 
moderated by W. N. Witheridge, Detroit, Mich. The first speaker was H. A. 
Mosher, Rochester, N. Y., who spoke on Integration of Process and Human 
Requirements. In his remarks Mr. Mosher stated that the industrial engineer 
has at least six objectives to guide his design and specification of plant processes 
and equipment from the viewpoint of good control of atmospheric conditions : 
(1) reduction in health hazard; (2) reduction in fire or explosion hazard; (3) 
improvement in product quality; (4) provision of more comfortable conditions ; 
(5) economical recovery of materials; and (6) effective disposal of atmospheric 
wastes. 


There are vast forces in operation which tend to produce contamination of 
the atmosphere both inside and outside industrial plants. In some cases, because 
of technical or economical reasons, these forces cannot be wholly overcome. 
Development of new processes, new methods and ingenuity on the part of 
engineers, are necessary in this area. In other cases, the requirements of the 
process and those of man are virtually the same, and the arrangements can 
approach the ideal. In the remaining areas, the process and human require- 
ments are adverse to each other, and the engineer must devise an acceptable 
compromise. 


It is in this latter area that the enterprising and imaginative engineer in 
industry, as well as the Society, can make the greatest contribution. There is 
much opportunity for the development and promotion of practices, all within 
the framework of a sound business economics and policy, which provide safe, 
comfortable, healthful, and efficient atmospheric conditions in the industrial 
environment. 


A discussion of The Effect of Atmospheric Requirements on Industrial Archi- 
tecture and Plant Layout, by A. T. Waidelich and W. A. Hunting, Cleveland, 
Ohio, was presented by Mr. Waidelich. He stated that the evolution of the 
industrial plant could be traced from the New England mill building to the 
single-story plant with monitors or sawteeth, showing the reasons for the various 
steps in the evolution. The development of the practical fluorescent light was 
noted as permitting the introduction of atmospheric modification at reasonable 


30 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


cost, by allowing inexpensive insulation of walls and roof, and at the same time 
reducing the heat load from high-intensity illumination. 


The ineffectiveness of natural ventilation was discussed and the increasing 
importance of internal heat loads stressed. Means of mechanically removing a 
considerable portion of this internal heat load were reviewed, with the observa- 
tion that the resulting improvement in atmospheric environment could be ob- 
tained at no increase over the cost of conventional industrial plants. 


Examples were given in the architecture and layout of such mechanically 
ventilated plants and also of plants with some degree of cooling and dehumidi- 
fication added. The simple adaptation of these plants to complete control of 
their atmospheres was shown, with examples incorporating features of special 
interest. 

The third speaker was R. P. Warren, Buffalo, N. Y., whose subject was 
Equipment for Industrial Ventilation and Air Pollution Control. In his dis- 
cussion Mr. Warren said that there are four essential phases in every air 
handling problem: (1) why does one have a problem? (2) what are the limits 
of the problem? (3) how can it be solved? and (4) how does one know when 
it is solved? 

The manufacturer of equipment for industrial ventilation and air pollution 
control must know two important things about the atmospheric problem: (1) 
what is the source or cause of difficulty? and (2) what would be a satisfactory 
condition? After these two points are established, the equipment manufacturer 
is then in a position to recommend the best type of equipment or system to 
provide a satisfactory solution to the problem. Today, because of increasingly 
rigid regulations and more intelligent appraisal of results, it is essential that 
final accomplishment of the system be demonstrable. 


It is evident, both from the attention of the Society and from the importance 
of this subject, that industrial ventilation and air pollution control are increas- 
ingly important to industrial welfare. 

The final discussion was presented by R. A. Kehoe, M.D., Cincinnati, Ohio, 
and was entitled Effects of Industrial Atmosphere on Workers and on the Com- 
munity. Dr. Kehoe pointed out that there is now a good background of infor- 
mation in the fields of industrial physiology, industrial toxicology, and industrial 
medicine on the effects of unfavorable physical and chemical conditions on the 
occupants of industrial plants. Effective use of this knowledge in recent years 
has enabled engineers to establish the effectiveness of their equipment for con- 
trol of the industrial environment. Medical methods of control have been 
coordinated with engineering methods. 

Insofar as the facts relate to man, they have been established by the clinical 
study of the population of industrial plants. This has not been done extensively 
or adequately, but there is a fair measure of useful information. 


When the matter of air pollution and community health is discussed, there are 
no answers. There have been accidents that have injured and killed people, 
notably in Belgium (Meuse Valley) and in Donora, Pa., but these are unim- 
portant in relation to the major problem of the chronic effects, if any, of pro- 
longed exposure to low concentrations and mixtures of low concentrations of 
atmospheric contaminants. There is not yet a single example of an experimental 
chemical, clinical, and epidemiological investigation of this problem, and thus 
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what is known for certain is derived from the studies of this sort carried out 
on groups of industrial workers. Something is known of the effects of individual 
substances and almost nothing of the combined effects of a number of substances. 
The facts in this field are not yet established. 


It is indeed timely to consider the methods of investigation that might be used 
by a professional or public group which has decided that something needs to 
be done. 


A complete report on the Symposium, together with the discussions, was pub- 
lished in the A.S.H.V.E. Journat Section, Heating, Piping & Air Condition- 
ing, April and May 1952. President Seeley expressed his appreciation to the 
moderator and the members of the panel for their participation and presenta- 
tions. 


FourtH Session, WEDNESDAY, JANUARY 30TH, 9:30 A.M. 


Second Vice President Reg. F. Taylor called the fourth technical session to 
order at 9:30 a.m. He called upon V. C. Salazar, project manager of the Mutual 
Security Agency, Washington, D. C., who introduced a study group of manu- 
facturers from France who were visiting the United States for the purpose of 
studying new production techniques in foundries and sheet metal industries 
producing radiators, boilers, gas ranges, and space heaters. 


Three technical papers were presented by their authors and A. J. Hess, chair- 
man of the TAC on Heating and Air Conditioning as related to plant and 
animal husbandry, was called upon to make a statement about the committee 
objectives. Mr. Hess stated that this committee would be concerned with the 
effect of air conditioning on plant and animal growth, and he outlined some of 
the work that had already been done in this field. The session was adjourned 
at 12:20 p.m. 


FirtH Session, WEDNESDAY, JANUARY 30TH, 2:00 P.M. 


The fifth technical session was called to order by Pres. L. E. Seeley. Three 
papers were presented and discussed. 


The installation of the newly elected Officers and Council Members was con- 
ducted by past presidents S. R. Lewis, Chicago, Ill., M. F. Blankin, Philadelphia, 
Pa., S. H. Downs, Kalamazoo, Mich., G. L. Tuve and Lester T. Avery, Cleve- 
land, Ohio, and former Council Member W. A. Danielson, Raleigh, Tenn. The 
newly elected Council members and Officers were presented to Mr. Lewis, who 
congratulated them on their nomination and election. 


President Seeley expressed his personal appreciation to the retiring Officers 
and Council Members. 


The Report of the Committee on Resolutions was presented by E. L. Crosby, 
Committee Chairman, and was adopted unanimously. 
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RESOLUTIONS 


Wuereas, For the 58th time THE AMERICAN Society oF HEATING AND VENTILATING 
ENGINEERS has assembled in Annual Meeting and on this occasion has been fortunate 
in having as hosts the St. Louis Chapter of the Society and the fair City from which 
the Chapter derives its name; and 

Under the able leadership of our President, Dean Seeley, Durham, N. H., the other 
Officers and the Staff of the Society, we have had outstandingly successful technical 
sessions ; and 

Under the planning and guidance of the team of Evans and Myers, Pres. L. L. 
Hamig, the other Officers of the St. Louis Chapter and their energetic and capable 
assistants from the Chapter, the social events have been more than enjoyable; and 

With Engineer Bill Veeck displaying brown prints in lieu of the more subdued blue 
prints, the Welcome Luncheon was a masterpiece; and 

With charm and grace pre-eminent, the fair ladies have been admirably cared for 
and entertained, therefore, 


Be Ir Resotvep, That we express our sincere gratitude and thanks: 


TO the St. Louis Chapter, its Officers and Committees, and to the magnificent 
Mound City for manifesting, The Spirit of St. Louis in organizing our activities, in 
warm friendship and hospitality and in superb entertainment, 


TO the authors of the technical papers and to those who ably participated in the 
discussions, 


TO the hotel managements of this great City for their facilities and services, 


TO the St. Louis Convention and Publicity Bureau, Mr. Fred Rein, manager, for 
the housing and other services which have been so helpful in every way, 


TO the daily press, the technical press and radio for their recognition of the 
importance of our Society, of our Annual Meeting and of our Society’s contribution 
to the welfare, health and satisfaction of the public whom we serve, 


TO Engineer Veeck with the sincere hope that he will be as successful in winning 
a pennant as he was in winning his audience, and 


TO the authors of the native folk songs, as we have learned that Meet Me in St. 
Louis is an invitation preceding a royal welcome and that The St. Louis Blues is a 
musical composition concerning something which we have been unable to find. 


Respectfully submitted, 


Tue CoMMITTEE 
E. L. Crosby, Chairman, Baltimore, Md. 


B. W. Farnes, Portland, Ore. 
P. J. Marschall, Chicago, Iil. 


President-elect Ernest Szekely received the gavel from President Seeley with 
the latter’s best wishes, and thereupon adjourned the 58th Annual Meeting at 
4:25 p.m. 
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PROGRAM 58th ANNUAL MEETING 
Hotels Statler and Jefferson, St. Louis, Mo. 
January 28-30, 1952 


Sunday—January 27 


Council Meeting (Hotel Statler—Room 102) 

Committee on Research (1951) (Hotel Statler—Room 104) 
Recistration (Hotel Statler—North and Center Assembly) 

Motor Tour (scenic spots in St. Louis) 

Welcome Tea for Members and Ladies (Hotel Staler—Missouri Room) 


Monday—January 28 


REGISTRATION (Hotel Statler—North and Center Assembly) 


TAC on Air Distribution, G. B. Priester, Chairman (Hotel Statler— 
Room 104) 


TAC on Combustion, T. H. Smoot, Chairman (Hotel Statler—Room 106) 

TAC on Heat Flow Through Glass, R. A. Miller, Chairman (Hotel 
Statler—Room 102) 

TAC on Industrial Ventilation, W. N. Witheridge, Chairman (Hotel 
Statler—Missourt Room) 

TAC on Panel Heating and Cooling, Group B, J. M. Van Nieukerken, 
Chairman (Hotel Statler—Room 108) 

Chapters’ Conference Committee, J. R. Vernon, Chairman (Hotel Statler— 
St. Louis Room) 

Wetcome LuncHEON (Hotel Statler—Ballroom) 


Toastmaster: John W. Cooper 

Greetings by L. L. Hamig, President, St. Louis Chapter 
Response by President Seeley 

Speaker: William (Bill) Veeck, President, St. Louis Browns. 
Subject: Engineering a Pennant. 


First TEcHNIcAL Session (Hotel Statler—Ballroom) 
Pres. Lauren E. Seeley presided 
Reports of Officers 
Amendments to By-Laws 
Venting Hot Water Heating Systems, by F. E. Giesecke 
(presented by Carl H. Flink. See Chapter 1439) 
Self-Charging Electrostatic Filters, by W. T. Van Orman and H. A. 
Endres (presented by Mr. Van Orman. See Chapter 1440) 
Ladies’ Tea (Hotel Statler—Missouri Room) 
Shoe styles from 17th Century to date from Shoe Museum of Inter- 
national Shoe Co. 


Hostesses: Mrs. J. H. Carter and Mrs T. Clucas. Agsieed by Mmes. C. 
Beckerman, J. J. Blackmore, Me F. Carlock, C. R. Davis, L. W. Hundelt, 
W. C. Kaber, Roy McQuitty, G. B. Pattiz, Louis Steckhan. 


Special group called together to discuss problems of instantaneous heat 
gain and cooling load (Hotel Statler—Daniel Boone Room—Mezzanine 
Floor) 
TAC on Panel Heating and Cooling, Group A, A. B. Algren, Chairman 
(Hotel Statler—Parlor A—Mezzanine Floor) 
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7:00 p.m. “Meet Me in St. Louis” Party—Dinner and dancing (Jefferson Hotel— 
Gold Room) Master of Ceremonies: J. Stoddard Rosebrough 
The “ASHeVErs Review of 1952” 


Dinner at 7:00 p.m.; Floor Show 9-10:15 p.m., followed by dancing until 1:09 a.m. 


Tuesday—January 29 


9:00 a.m. Recistration (Hotel Statler—North and Center Assembly) 
9:30 am. Seconp TECHNICAL Session (Hotel Statler—aliroom) 
First Vice Pres. Ernest Szekely presided 
Report of Tellers 
Report of Committee on Research, I. W. Cotton, Chairman 
A V-Wire Direction Probe, by H. B. Nottage, J. G. Slaby and W. P 
Gojsza (presented by Mr. Nottage. See Chapter 1441) 
Radiant Energy Emission of Atmosphere and Ground: A Design Fac- 
tor in Heat Gain and Heat Loss, by G. V. Parmelee and W. W. 
Aubele (presented in abstract by Mr. Parmelee. See Chapter 1442) 
Isothermal Ventilation—Jet Fundamentals, by H. B. Nottage, J. G. 
Slaby, and W. P. Gojsza (presented by Mr. Nottage. See Chapter 
1443) 
The A.S.H.V.E. Environment Laboratory, by Cyril Tasker, C. M. 
Humphreys, G. V. Parmelee, and L. F. Schutrum (presented in 
abstract by Mr. Tasker. See Chapter 1444) 
11:30 a.m. Buses leave for Ladies’ Luncheon and Style Show (Park Plaza Hotel— 
Tiara ee at 12:30 p.m. Style Show featuring furs 
Hostesses: Mrs. J. f. Cope and Mrs. R. H. Kremer. Assisted by Mmes. W. D. 


Bein, 1. J. Corrigan, C. E. Hartwein, J. _o. Killebrew, R. H. Metcalf, 
ag F. Myers, A. R. Niemoeller, J. S. Rosebrough, R. C. Smith, 
V. J. Suche. 


12:00 noon Luncheon Meetings: 
TAC on Heat Pump, R. C. Jordan, Chairman (Hotel Statler—Room 
106) 
TAC on Hot Water and Steam Heating, J. W. James, Chairman 
(Hotel Statler—Room 104) 
TAC on Sorbents, G. L. Simpson, Chairman (Hotel Statler—Room 
108) 
2:00 p.m. TuHirp TecHNicAL Session (Hotel Statler—Ballroom) 
Pres. Lauren E. Seeley presided 
SYM POSIUM—THE INDUSTRIAL ATMOSPHERE 


Moderator—W. N. Witheridge, Detroit, Mich., Chairman, TAC on Industrial 
Ventilation 
s a. ee of Process and Human Requirements, by H. A. Mosher, Rochester 


Ditect of Atmospheric Requirements on Industrial Architecture an Plant 
Layout, by A. T. Waidelich and W. A. Hunting, Cleveland, Ohi 

Equipment for Industrial Ventilation and Air Pollution Control, 
Warren, Buffalo, N. Y. 

Effects of the Industrial Atmosphere on Workers and on the Community 
(Occupational Health and Air Pollution) by R. A. Kehoe, M.D., Cincinnati, 
Ohio. 


Discussion period 
Summary by Moderator 
Motion picture on Principles of Exhaust Ventilation 
4:30 p.m. Chapters Conference Committee, J.R. Vernon, Chairman (Hotel Statler— 
St. Louis Room) 


6:30 p.m. Past Presidents’ Dinner (Hotel Statler—Daniel Boone Room) 


ProGRAM 58TH ANNUAL MEETING, 1952 35 


6:30 p.m. Nominating Committee Dinner Meeting (Hotel Statler—Parlor A) 


7:00 p.m. TAC on Cooling Load, W. E. Zieber, Chairman (Hotel Statler—Room 
108) 


7:00 pm. TAC on Heating Load, W. S. Harris, Chairman (Hotel Statler—Room 
106) 


7:00 p.m. TAC on Weather Design Conditions, W. M. Wallace, II, Chairman 
(Hotel Statler—Room 110) 


8:00 p.m. Get Acquainted Night—Featuring Edgar M. Queeney movies “Prairie 
Wings” and “Sunrise Serenade” (Hotel Statler—Ballroom) 


8:00 p.m. Inspection trip through Anheuser-Busch Brewery (Leave from Hotel 
Statler ) 


Wednesday—January 30 


9:00 am. RecistrATION (Hotel Statler—North and Center Assembly) 


9:30 am. FourtH TEecHNicAL Session (Hotel Statler—Ballroom) 

Second Vice Pres. Reg. F. Taylor presided 

Gas Is an Important Factor in Thermal Conductivity of Most Insulating 
Materials, by F. B. Rowley, R. C. Jordan, C. E. Lund, and R. M. 
Lander (presented by Professor Rowley. See Chapter 1445) 

Thermal Performance of Frame Walls, by G. O. Handegord and N. B 
Hutcheon (presented by Dr. Hutcheon. See Chapter 1446) 

Physiological Adjustments of Clothed Human Beings to Sudden 
Changes in Environment: First Hot Moist and Later Comfortable 
Conditions, by F. K. Hick, M.D., Tohru Inouye, R. W. Keeton, M.D., 
Nathaniel Glickman, and M. K. Fahnestock (presented by Dr. Hick. 
See Chapter 1447) 


10:30 am. Ladies’ Bus Tour—Points of interest in St. Louis, featuring the world- 
famous Missouri Botanical Gardens, with a talk on flowers by G. H. 
Pring, Superintendent. Luncheon at the St. Louis Art Museum 
“Building World’s Fair 1904”. Return to Jefferson and Statler Hotels 
at 2:30 p.m. 
Hostesses: Mrs. J. F. Naylor, Jr. and Mrs. E. R. Kuntz. Sostated by Mmes. W. L. 
Dulle, c A. Durphy, J. D. Falvey, F. E. Ince, H. J. Kipp, G. W. 
Pieksen, G. B. odaclalner. W. A. Russell, K. O. Williams. 
12:00 noon Luncheon meeting of TAC on Panel Heating and Cooling, P. B. Gordon 
Chairman (steering committee) (Hotel Statler—Room 106) 


2:00 p.m. FirtH Tecunicat Session (Hotel Statler—Ballroom) 

Pres. Lauren E. Seeley presided 

Warm-Air Perimeter Heating, Part II—Temperature Drop in Ducts 
Embedded in Concrete Floors, by J. R. Jamieson, R. W. Roose, S. 
Konzo, and H. T. Gilkey (presented by Professor Konzo. See 
Chapter 1448) 

Warm-Air Perimeter Heating, Part 11I—Heat Losses from Floor Slab, 
by J. R. Jamieson, R. W. Roose, and S. Konzo (presented by Mr. 
Jamieson. See Chapter 1449) 

Performance of a Warm-Air Radial-Feeder Perimeter Loop System in 
a Residence, by M. E. Childs, R. W. Roose, and S. Konzo (presented 
by Mr. Childs. See Chapter 1450) 

Installation of Officers 

Adjournment 
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4:30 p.m. Organization Meeting of 1952 Committee on Research (Hotel Statler— 


Room 102) 


7:00 pm. ANNUAL Banguet (Jefferson Hotel—Gold Room) 


Toastmaster: E. E. Carlson 


Speaker: Ralph W. Carney, Wichita, Kan. 


Subject: 


New Strength for America 


Presentation of Memory Book to Lester T. Avery by Prof. G. L. Tuve 


Presentation of Past President’s Embiem to Dean 


Lauren E. Seeley by M. F. Biankin 


Presentation of F. Paul Anderson Medals: 
1951 Award to Homer Addams by Dean Seeley 
1950 Award to Samuel R. Lewis by Lester T. Avery 


Thursday—January 31 


9:30 a.m. Council Meeting (Hotel Statler—Room 108) 


COMMITTEE ON ARRANGEMENTS 


Bruce L. Evans, General Chairman 
G. W. F. Myers, Vice Chairman 
W. J. Oonx, Committee Secretary 
L. L. Hamic, Chapter President 


Banquet—E. E. Carlson, Chairman; 
J. B. Killebrew, Vice Chairman; H. G. 
Faust, Jr., N. J. Hubbuch, Jr., L. R. 
Szombathy, Harry F. Wilson. 


Entertainment — J. S. Rosebrough, 
Chairman; E. T. Clucas, Vice Chair- 
man; C. E. Brock, Jr., J. J. Casey, R. 


J. Kaenter, W. P. Norris, E. L. 
Schwager. 

Finance—W. A. Klein, Chairman ; 
F. E. Ince, Vice Chairman; C. F. 
Combs, R. H. Metcalf, C. K. Meyers, 


J. C. Watkins. 


Ladies—H. C. Sharp, Chairman; H. 
R. Halt, Vice Chairman; J. T. Dabbs, 
C. A. Durphy, R. O. Reeves, L. M. 
Schwind, K. O. Williams. 


Luncheon—J. W. Cooper, Chairman ; 
E. C. Kuntz, Vice Chairman; M. J. 
Collins, Jr., G. D. Kingsland, R. H. 
Kremer, G. W. Pieksen. 


Publicity—C. H. Burnap, Chairman ; 
J. D. Rosebrough, Vice Chairman; W. 
D. Bevirt, K. J. Caplan, W. A. Otten. 


Reception—J. H. Carter, Chairman; 
C. R. Davis, Vice Chairman; C. J. 
Baker, James Barry, Jr., J. A. Cor- 
rigan, T. J. Corrigan, J. E. Dube, 
H. E. Grossenbacher, H. A. Gross- 
mann, C. A. Hoppin, Sr., H. J. Kipp, 
J. I. Levenhagen, J. T. Lynch, J. S. 
Malone, C. O. May, G. B. Pattiz, R. A. 
Schulte, J. E. Sharp, W. B. Simpson, 
R. C. Smith, R. J. Smith, S. M. Zivi. 


Sessions—C. E. Hartwein, Chair- 
man; L. W. Moon, Vice Chairman; N. 
B. Barsha, W. L. Dulle, L. W. Hun- 
delt, G. B. Rodenheiser, W. A. Russell, 
B. C. Simons. 


Special Events—J. F. Naylor, Jr., 
Chairman; M. F. Carlock, Vice Chair- 
man; C, A. Beckermann, W. C. Kaber, 
Louis Steckhan. 


Transportation —G. H. Bemarkt, 
Chairman, V. J. Suche, Vice Chair- 
man; W.;A. Bemis, P. X. Bergeron, J. 
L. Heiman. 
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No. 1439 


VENTING HOT WATER HEATING SYSTEMS 
By F. E. Gresecke*, New BraunFELs, TEx. 


SIMPLE method of venting a panel type hot water heating system was 

described in an article! in which the author reported his experience with 
the system, shown schematically in Fig. 1. This experimental system consists 
essentially of a boiler, two circuits of coils, an open expansion tank, an open 
vent pipe, a pump, and a set of controls. 

The coils were made partly of new 114-in. steel pipe with finned radiators, 
partly of new 1-in. wrought-iron pipe, and partly of old 21%4-in. and old 3-in. 
pipe, the last being in position from a former heating system. 

The 1-in. pipe coil: was embedded in a concrete floor slab; the other pipe coils 
were suspended in the crawl space under the floor at approximately 18 in. below 
the 1-in. pipe coil. The system had one major air trap, about 18 in. high, and 
it had several smaller potential air traps where the pipes passed over or under 
floor sills. 

The pump was in the return main near the boiler. The expansion tank was 
connected to the return main on the suction side of the pump and near the pump. 
As gases were liberated in the boiler, they passed out through the open vent 
pipe, the upper end of which was about 3 ft above the top of the expansion tank. 

The system operated properly, but, occasionally, a small quantity of water was 
thrown through the vent pipe when large bubbles of gas escaped. This could 
have been prevented by installing a larger or taller vent pipe, or by replacing 
the open vent pipe with an automatic air vent. 


Osyject oF TEST 


While it seemed improbable that air or gases could escape from the system 
through the joints or by any means other than the vent pipe (although some 
engineers thought such escape possible) it seemed desirable to establish the 


* Consulting Engineer. Presidential and Life Member of A.S.H.V.E. 
Presented at the 58th Annual Meeting of THe American Socrery or HEATING AND VENTILATING 
Enorneers, St. Louis, Mo., January, 1952. 

1“Open for Discussion’”—Dr. F. E. Giesecke Comments on Radiant Heating Problems. (Heating, 
Piping & Air Conditioning, July, 1948, p. 98). 
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practicality of a single vent by further experiment, the results of which are 
recorded and discussed in this paper. 


The vent pipe of Fig. 1 was replaced by an air chamber made of an 18-in. 
section of 2-in. pipe fitted with a gage glass and a 14-in. top outlet closed by a 
globe valve (see Fig. 2). The air chamber was used for measuring the volume 
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of air and gases removed from the water in the system. The pressure in the 
air chamber was 21% it water column, due to difference in height of air chamber 
and open expansion tank, when the pump was stopped, and rose to 414 ft when 
the pump was running. 


The volume of water in the system was 6.92 cu ft; the friction head in the 
piping was equal to 2 ft of water. From the pump performance chart, Fig. 3, 
it was found that water was circulating at a rate of 30 gpm, or at about 6 fps 
in the 114-in. flow riser. 

The system was filled with water from the city mains. A previous U. S. 
Geological Survey analysis of the water at the springs from which the city 
water was obtained, indicated a bicarbonate content of 266 ppm which would 


| 


39 


VENTING Hot WATER HEATING SysTEMS, BY F. E, GIESECKE 


Me ARK 
YILYM WNWIXYW 


o9 


os 


Sv9 40 1334 


| | | 
Te 
| 


40 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


yield 0.7 cu ft carbon dioxide at 110 F and 16.2 psia, the average condition of 
the water in the system. 


The total amount of gas to be vented from the system was estimated (see 
Appendix A) to be about 1 cu ft, consisting of: 


Carbon dioxide from bicarbonate................. 0.70 cu ft 
Oxygen and nitrogen dissolved in the filling water........ccccscseseeeseseenetenereeeenes 0.10 cu ft 


The experimental system was operated during two heating seasons, October 
25, 1949 to April 26, 1950, and November 4, 1950 to April 23, 1951. In the 
summer period, April 26 to November 4, 1950, the system was out of operation 
and no water was drained out or added. No air was removed or added, except 
possibly a very small quantity passing in or out of the expansion tank. 


VENTING RESULTS 


First Heating Season: The actual quantity of gas vented from the boiler 
during the first heating season is shown by the top line of Fig. 4. The lower 
jagged line shows the minimum daily air temperatures as recorded by the U. S. 
Weather Bureau at the San Antonio Station about 25 miles away. 


The middle jagged line shows the maximum daily boiler water temperature 
as estimated according to the minimum outdoor air temperature and the setting 
of the controls which were set to vary the boiler water temperature from 90 F 
to 140 F as the outdoor air temperature varied from 70 F to 20 F. 


From Fig. 4 it may be concluded: 


1. That about 1 cu ft of gas was vented from the boiler to the air chamber 
during the 6-mo heating season. 


2. That during the first two days about 0.25 cu ft was vented. This quantity 
was probably the air which had been trapped when the system was filled. 


3. That the principal portion of the remaining 0.75 cu ft was vented during 
three separate periods (November 12 to 17, December 1 to 15, and January 4 
to 9) when the temperature of the boiler water was above 120 F. The gases 
vented during these periods, no doubt, were partly carbon dioxide, liberated 
from the bicarbonates, and partly oxygen and nitrogen, dissolved in the 80 F 
water with which the boiler was filled and of which a part was released when 
the water was heated above 80 F. 


Second Heating Season: At the beginning of the second heating season, the 
system was full of water from the previous season. It was assumed that the 
system contained no gases, except those dissolved in the water or bound in 
bicarbonates which had not broken up during the first season. 


Venting results are shown in Fig. 5. The top line shows that the gas vented 
in four months and 19 days was less than 0.3 cu ft. One-half of this quantity 
was vented during the six days, January 30 to February 4, when, due to low 
outside temperature and the control method used, the water temperature in the 
boiler rose repeatedly to 212 F (with pump stopped), thereby causing release 
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of oxygen, nitrogen, and carbon dioxide dissolved in the water at temperatures 
lower than 212 F. 


A re-absorption of gases by the water was noted on March 4, when a 3-in. 
height of gases in the air chamber disappeared in one day. This disappearance 
undoubtedly was due to absorption by the water which was unsaturated with 
gas after the period when boiling temperatures were experienced. 
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(1950-1951) 


The total gas vented during the second season was 0.3 cu ft (about 4 percent 
of system volume), thereby making the total gas vented during two seasons 
equivalent to 1.32 cu ft, or almost 20 percent of the system volume. 


ATTEMPT AT TOTAL VENTING 


Aiter the end of the second heating season, it was decided to determine 
whether additional quantities of gas could be vented from the system. To accom- 
plish this, the pump connection was changed so that the pump could be operated 
manually. 
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While the pump was standing still and there was only gravity circulation in 
the system, the burners were lighted. They burned until the control system 
extinguished them at a boiler water temperature of about 180 F. The pilot 
flames were so high, however, that they raised the water temperature to about 
195 F. 

At these high water temperatures, additional quantities of gas were liberated 
and passed from the boiler into the air chamber. When the resulting flow of 
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gas into the air chamber ceased, the pump was started and replaced some of the 
high temperature water in the boiler with cooler water from the coils. After this 
cooler water had reduced the temperature of the water in the boiler to about 
140 F, the controls lighted the burners. The pump was then stopped and the 
cycle repeated five times. During the six cycles, about 0.07 cu ft of gas was 
vented from the system. 


Following the removal of these gases, the water in the experimental system, 
at 195 F and 17 psi, should still contain about 13 ppt by volume, or 0.09 cu ft 
of dissolved gases, according to the chart of Fig. 6. 


CONCLUSIONS 


From the results secured during the two-season operation of the experimental 
system, it was concluded: 

1. Gases can be removed easily from a system by connecting a vent to the flow main 
directly above the boiler. 

2. Water circulating through the system will move gases and carry them to the 
boiler, if the pump produces a pressure-head sufficient to force water through those 
parts of the system where gases are lodged. 

3. It is advisable, when a system is first filled with water, to heat the water to a 
high temperature to remove as much as possible of the dissolved gases and of the 
gases which will be liberated when mineral matter, contained in the water, is heated. 

4. In a well constructed system, when the gases have been removed, no more gases 
will enter the system other than those which are transmitted through the expansion 
tank. 

5. In a poorly constructed system, in which leaks exist and make-up water must be 
supplied, the make-up water will supply additional gases to the system. 

6. When pressure-heads are very low, as they generally are in gravity-circulation 
systems, all air traps must be vented. 


APPENDIX A 
Sources oF GASES TO BE VENTED 


The gases which would reach the air chamber for venting could have any one or 
more of five sources: 

1. When the system is being filled, some air may be trapped in the system. 

2. The boiler feed water may contain mineral matter which, when heated, liberates 
gas, generally carbon dioxide. 

3. The boiler feed water may contain dissolved gases, generally oxygen and nitrogen. 

4. Air absorbed by the water in the expansion tank may be transferred to the system. 
If this happens in a closed system, the closed expansion tank will, in time, become 
water logged. 

5. An electric current may exist in the system which releases oxygen and hydrogen 
from the water. 


These five sources will be discussed in order: 


1. It is impossible to determine accurately, or even approximately, how much air is 
trapped in a hot water heating system when the system is being filled with water, 


} 


44 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


65 | 
\ WATER 
SATURATED 
WITH AIR AT 
\ VARIOUS TEMPERATURES 
\ AND 
85 VARIOUS PRESSURES 


> 


40 Ps! 


PARTS PER THOUSAND BY VOLUME 


° 


38 PSI 

| 

30 
| 


Jif 
[ 
/ 


20 P 


14.7P $1 
| 
32 40 50 60 70 80 80 100 110 120 130 140 180 10 {70 180 190 200 212 


DEGREES FAHRENHEIT 


From Data in Taschenbuch Fur Chemiker Und Physiker, by 
J. D’Ans and E. Lax, sescond edition, 1949, pp. 968-970. 


26 PSI 


20}+— 


IY 
> 


| > 


Hf A Z| Z| 


| 
| 
| 
| 


Fic. A-l1. VotuMe or Arr DissoLveD IN SATURATED WATER AT 
Various TEMPERATURES AND ABSOLUTE PRESSURES 


because that quantity varies with the design of the system and with the method of 
filling the system. It appears from Fig. 4 that, in this particular case, the quantity of 
air trapped was about 0.25 cu ft or about 3.6 percent of the volume of the system. 

2. The only available water analysis was one made previously by the U.S. Geological 
Survey of the water at the springs where the city secures its supply. This analysis 
showed that the water contained 266 ppm of bicarbonates. Assuming that the tap water 
had the same composition, the 6.92 cu ft of water in the system contained 0.115 Ib 
bicarbonates which, when heated, could break down and release 0.083 Ib of carbon 
dioxide. This is equal to 0.672 cu ft at 32 F and 14.7 psia, or to 0.7 cu ft at 110 F 
and 16.2 psia, the average conditions of the gas in the air chamber shown in Fig, 2. 

It is believed that bicarbonates begin to break down at 120 F, but the time required to 
complete the breakdown of all bicarbonates is unknown. 
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3. When water is exposed to the air, it will absorb gases from the air, especially 
oxygen and nitrogen. 

Fig. 6 shows the quantities of air and its principal constituents—nitrogen and oxygen 
—expressed in parts per thousand (ppt) by volume, and in parts per million (ppm) by 
weight, which can be held in solution by water at various temperatures when the 
pressure of the air is one atmosphere. 

Note that when water is saturated with nitrogen and oxygen, the resulting air in 
water contains about two parts of nitrogen to one part of oxygen, whereas the air in 
the atmosphere contains about four parts of nitrogen to one of oxygen. 

The quantities shown in Fig. 6 apply to water which is free from animal and plant 
life. In open ponds, the plant life in the water adds oxygen to the water and the 
animal life removes oxygen. 

The chart of Fig. A-1 shows the quantity of air, i.e., nitrogen and oxygen, which can 
be held in solution by water at various temperatures and pressures. This chart is based 
on the assumption that the quantity of air in solution varies directly with the pressure 
of the gas. 

Assuming that the tap water with which the boiler was filled was at a temperature 
of 80 F and under a pressure of 30 psia, and that it was saturated with air, it would 
contain about 34 ppt of air by volume, according to the chart of Fig. A-1. If the 
boiler temperature were raised from 80 F to 140 F, and its pressure were lowered 
from 30 psia to 20 psia, the water then could only hold about 16.5 ppt in solution and 
would consequently allow 17.5 parts, or about 0.12 cu ft, to vent into the air chamber. 
Since the tap water was probably not saturated, it seems that the air released from the 
water would be less than 0.1 cu ft. 


4. The rate at which the air, absorbed by the water in the expansion tank, is trans- 
ferred to the system, varies with the location of the expansion tank with reference to 
the boiler, and also with the frequency and the magnitude of the temperature variations 
of the water in the system. 

Assuming that the water in the expansion tank was at a temperature of 75 F and 
a pressure of 14.7 psia, and that the water in the boiler was at a temperature of 140 F 
and a pressure of 17 psia, the expansion tank water could hold air at the rate of 1714 
ppt and the boiler water at a rate of 14 ppt. Hence, whenever 1 cu ft of water was 
transferred from the expansion tank to the boiler, about 0.02 cu ft of air could be 
transferred. This is such a small quantity that it need not be considered in the test of 
the system. 


5. Since the experimental system consists entirely of cast iron, wrought iron, and 
steel, it is not likely that sufficient electric currents exist in the system to produce an 
appreciable quantity of hydrogen. 

APPENDIX B 
DISCUSSION OF VENTING PROBLEM 
This discussion applies to a hypothetical system shown in Fig. B-1, and to an actual 


installation for the building shown in Fig. B-2, having roof or ceiling panels shown in 
Fig. B-3. 


HyYpoTHETICAL SYSTEM 


The system shown in Fig. B-1 has two circuits, A and B. The water leaving the 
boiler can flow through either circuit or partly through each circuit. The two circuits 
are practically alike except that circuit A has no air trap, while circuit B has an air 
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trap 6 ft high, made necessary by some obstruction in the building. Circuit A consists 
of sections m n and n o p m, and circuit B consists of sections m n and n q r m. 

The system has an open expansion tank and an air chamber directly above the 
boiler where gases can be held until they escape through the automatic air vent, or 
until they are released by means of the manual air vent. 

soth radiators are air traps and are vented in the usual manner. 

If both legs of the 6-ft air trap are filled with water, the trap will not affect the 
flow of water through the circuit except in that it increases the friction in that circuit 
and thereby reduces the quantity of water flowing through it. 

To determine how the system will operate, find the approximate pressure-head that 
the pump will produce and the rate at which it will circulate water through the system. 
To do this, assume that the friction in section m n is equal to the friction in 30 ft of 
144-in. pipe, and that the friction in section n o p m, as well as in section n q r m is 


| 


Fic. B-1. ILLUSTRATING EFFECT 
oF Arr Trap 1N Hot WaTER SySTEM 


equal to the friction in 60 ft of 1-in. pipe. Make two calculations, one when the pump 
is circulating 20 gpm, and one when it is circulating 10 gpm. 

If the pump circulates 20 gpm, which will flow through section m n, 10 gpm will 
flow through section n o p m and 10 gpm through section n q r m. 

When water flows at the rate of 20 gpm in a 14%4-in. pipe, the friction head is 800 
milinches per foot, and the total friction head in 30 ft of pipe is 2 ft. When water flows 
at the rate of 10 gpm in a 1-in. pipe, the friction head is 850 milinches per foot, and the 
total friction head in 60 ft of pipe is 4.25 ft. Hence, when the pump circulates 20 gpm, 
its pressure head is 6.25 ft. 

Similarly, when the pump circulates 10 gpm, the friction head in section m n will 
be 30 x 220 milinches, or 0.55 ft, and the friction head in each section m n o p and 
nqrm will be 60 x 250 milinches, or 1.25 ft, and the total friction head in the circuit 
will be 1.8 ft. 

Neither one of these two sets of values, 20 gpm and 6.25 ft, or 10 gpm and 1.8 ft, 
correspond with any set of values shown in the performance chart of the pump (Fig. 3). 

A third calculation could be made by assuming that the pump circulates 15 gpm, 
but, in this case, it is sufficiently accurate to assume that the pressure head varies 
uniformly with the quantity of water flowing through the system. 

The two calculated values can be plotted on the performance chart and connected by 
a straight line as shown in Fig. 3. This line intersects the performance chart line at 
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17 and shows that the pump will circulate water through the system at the rate of 
approximately 17 gpm with a pressure head of 4.8 it. 

This pressure head would exist in the flow main at the discharge side of the pump. 
It would decrease gradually along the circuit as it is consumed in overcoming friction 
and it would become zero in the return main at the suction side of the pump. Hence, 
where the circuit meets the air trap, the available pressure head would probably be 
only about 3.2 ft. 

Assume now that the system had been drained and that, in refilling it, so much air 
had remained in the air trap that the pressure head available there was insufficient to 
force the air out and that, consequently, no water could flow through circuit B. 

To determine how the system would then function, proceed as before and assume 
that the pump would circulate either 10 gpm or 5 gpm. 
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lf the pump circulates 10 gpm, the total friction head in the circuit would be 30 x 
220 milinches, or 0.55 ft, plus 60 x 850 milinches, or 4.25 ft, or 4.80 ft. 

If the pump circulates 5 gpm, the total friction head in the circuit would be 30 x 62 
milinches, or 0.16 ft, plus 60 x 250 milinches, or 1.25 ft, or 1.41 ft. 

Plotting these two sets of values in Fig. 3 and connecting them by a straight line, 
it is found that the pump would circulate water through the system at the rate of 
approximately 12 gpm with a pressure head of about 5.6 ft in the flow main at the 
discharge side of the pump, and about 3 ft 8 in. at the air trap. The water would 
then stand in the trap about as shown in Fig. B-4. This would be insufficient to force 
water through the trap. 

The only recourse then would be to close the valve C, Fig. B-1, in the return main 
of circuit A. This would stop all circulation through the systém and the pump would 
build up its pressure head to 7 ft according to the chart of Fig. 3, or until the head 
was sufficient to force the water through the trap. 

The water would then carry the air from the trap to the boiler where it would be 
vented to the outside. After the air has thus been removed from the system, no 
additional air should enter the system and both circuits should continue to function 
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until the system is drained and the air trap again partially filled with air during the 
filling process. 

If, during the filling process, so little air is caught in the trap, Fig. B-4, that the 
distance from the line ST to the crown of the trap is less than one-half of 3 ft 8 in., 
the pressure head will be sufficient to force the water through the trap. Both circuits 
will begin to function when the pump is started, and, therefore, it will not be necessary 
to close the valve C to secure circulation in circuit B. The distance 3 ft 8 in. 
represents the calculated pressure head produced by the pump at the air trap. 


ACTUAL INSTALLATION 


The system shown in Fig. B-3 was designed for the building shown in Fig. B-2. 
This building is one of several research residences erected in Austin, Tex., for studies 
at the University of Texas of methods of improving building construction and building 
sanitation. 


Pump Stopped Pump Running 


Fic. B-4. Errect oF Pump on Posi- 
TION OF AIR IN TRAP 


Fic. B-3. (left) D1acRAM SHOWING 
LocaTION OF Pipe CoILs IN RESEARCH 
RESIDENCE No. 7 


The studies are being conducted under the direction of Prof. W. R. Woolrich, Dean 
of Engineering. The phase relating to heating and cooling is being conducted by Prof. 
W. E. Long of the Department of Mechanical Engineering. 

The main part of the house has a sloping roof slab. One room and the garage have 
horizontal roof slabs. These slabs form the roof and also the ceiling of the building, 
except for the kitchen and the hall which have a horizontal, suspended ceiling. 


The pipe coils are placed in the roof slabs so that they can be used during the winter 
to heat the building, and during the summer to intercept the heat which would 
otherwise pass through the roof and into the building. 


The heating system is divided into six circuits: Nos. 1, 2 and 4 are in the sloping 
roof slab; No. 3 is in the horizontal roof slab; No. 5 is in the suspended ceiling; and 
No. 6 is in the garage roof slab. 


The six circuits have a common supply line, but each has its separate return line. 
Every circuit has a gate valve and a thermometer in its return main so that, if the 
several circuits are not well balanced, corresponding adjustments can be made. The 
circuits were so designed that each will have approximately the same friction head 
when it receives its proper share of the heated or cooled water. 

The system has no vent except the one above the boiler, such as is shown in Fig. B-1. 
An open expansion tank is used and is located 3 ft above the highest pipe coil. Although 
the heat distribution seemed proper as judged by touch before the pipes were covered 
by cement, Professor Long noticed that, when the building was completed, the room 
under circuit 2 was not being heated as well as the other rooms. He concluded that 
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this circuit was partially or totally air-bound, and, therefore, closed the valves in the 
return main of every circuit, except that of No. 2, so that all water circulated by the 
pump had to flow through this circuit. The result was that the air which had been 
trapped in circuit No. 2 was pumped into the boiler and vented from there out of the 
system. All valves were then opened and all circuits operated properly during the 
entire heating season. 


APPENDIX C 
ABSORPTION OF AIR FROM EXPANSION TANK 


The transfer of air from the expansion tank to the heating system, and, especially, 
to the higher radiators of the system, has an important bearing on the venting of hot 
water heating systems. 

This transfer of air can be explained as follows. Let Fig. C-1 represent a section 
of a hot water heating system which has a closed expansion tank and has either gravity 
or forced circulation. Assume that the volume of the system will be 120 cu ft, that 
the volume of the expansion tank will be 20 cu ft, and that the expansion tank contains 
one-half water and one-half air. 

Assume that at some time during the operation of the heating system the water in 
the highest radiators is at a temperature of 180 F and at a pressure of 34.7 psi, and 
that the water in the expansion tank is at a temperature of 120 F and at a pressure of 
52.6 psi. 

Assume next that the water in the system cools from 180 F to 140 F. During this 
reduction in temperature, the 120 cu ft of water in the system will shrink to 118.4 cu 
ft, and 1.6 cu ft of water will flow out of the expansion tank into the flow riser. From 


- 34.7 psi = 
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there, it will be circulated into the several radiators beginning with those on the 
highest floor. 

Assume that the water in the expansion tank was saturated with air. In that case, 
it contained about 45 ppt of air (Fig. A-1). When this water arrives in the upper 
radiators, where its temperature is raised from 120 F to 140 F, and its pressure is 
lowered from 52.6 psi to 34.7 psi, it can hold only about 30 ppt of air in solution (Fig. 
A-1) and will, therefore, release about 15 ppt of air. Hence, for every cubic foot of 
water which flows out of the expansion tank into the system, about 0.009 cu ft of air 
is transferred from the expansion tank to the system. 

This calculation is crude, but it should explain why air leaves the expansion tank 
and why it lodges primarily in the radiators in which the pressure is lowest, namely 
in those on the upper floor of the building. 


DISCUSSION 


D. L. Mitts, Rome, N. Y. (WrittEN): There are several points in this paper that 
should be of interest to anyone having to do with the design or operation of hot water 
heating systems. The points referred to have not been previously discussed in such 
detail in published literature. There are, however, certain points in the paper on which 
we would suggest greater emphasis and there are others on which the following 
comments seem to be in order. 

When a discussion of venting hot water systems is presented, we believe that it is 
important to clearly distinguish between initial venting and what might be called 
operational venting, or the venting that is necessary after the system is considered 
to be completely tested. The methods necessary for both conditions are quite different. 
Initial venting may be rather difficult, particularly if long coil circuits of small copper 
tube are used for radiant heating systems. Operational venting may be comparatively 
easy. The difficulty of initial venting of a radiant heating system may occur when low 
head circulators are used with a load that approximates the upper limit of their 
capacity. 

This paper gives a good explanation of how gases in a hot water heating system may 
develop and accumulate even after a system is thought to be completely vented. 

The explanation is the basis of Conclusion 3, which states that it is advisable to heat 
the water in the system to a high temperature for best results in initial venting. We 
would like to see greater emphasis placed on this point as it applies to radiator and 
convector systems, for it is our opinion that the suggested procedure is not commonly 
followed. There are probably two reasons for this: (1) because of lack of knowledge of 
its importance, and (2) because in most cases, heating systems are initially vented 
when outdoor temperature conditions are such that high temperature water is not 
necessary for heating requirements. There is general agreement, on the other hand, 
that radiant heating systems should be started with water at approximately room 
temperature and that maximum operating water temperature should be reached 
gradually over a period of not less than eight hours. 

We assume that the arrangement shown in Fig. 2 was only used for the experiments 
and that the recommended arrangement for ordinary use is shown in Fig. B-1 without 
a sight glass. After initial venting is accomplished we can see no good reason for the 
sight glass on a non-experimental system if an automatic vent and a manual vent are 
installed at the top of the air chamber. 

If the method of venting shown in Fig. B-1 is to be used for a non-experimental 
system, we would like to make three suggestions. First, that the distance from the 
boiler outlet to the bottom of the nearest tee be not more than six inches. This permits 
the elimination of air at the point of low velocity in the system. Second, that either 
extending the main supply nipple down into the boiler water and making a direct 
connection from the top of the boiler to the expansion-compression tank or using a 
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special boiler fitting would be a better arrangement. Third, that the vertical nipple 
below the tee be one size larger than the horizontal supply main and that both run 
outlets of the tee be the same size with a reduced branch outlet. This would reduce 
the possibility of entrained air in the water being carried past the tee into the supply 
main. 

Fig. 1 shows a system in which there are two points open to the atmosphere. This 
is not a common arrangement today although it would seem to facilitate venting. 
Furthermore, the pipe sizes in the system described are much larger than those com- 
monly used for radiant heating where small sizes of copper tube are installed. The 
system using large size piping is easier to vent than a system using small copper tube. 

It appears from Fig. 5 that the amount of gas generated in the system and the 
amount of air absorbed by the water from the expansion tank are not sufficient to 
cause any circulation trouble. This gas and air could be eliminated in a non-experi- 
mental installation by an automatic vent after complete initial venting, although the 
venting port in the automatic vent is not sufficiently large for initial venting. 

It is interesting to note from the graphs the effect of water temperature on the 
generation of gas in the heating system described. 

Our experience has shown that where radiant heating coils using small size tubes 
are air-locked, the only effective way of venting them is to flush them with water 
entering the system at a pressure higher than that produced by the circulator. This is 
necessary because even a heavy duty type of circulator in many cases may not develop 
sufficient pressure to force the air out of the coils. 

It is our belief that most readers of this paper will feel grateful to the author for 
the interesting data he has presented. 

H. A. Lockuart, Morton Grove, Ill.: There are certain very important implications 
in this paper which I think should be emphasized. The temperature conditions have 
been commented on by each one who has spoken and cannot be over emphasized. 

If the water temperatures are carried above 220 F, it is almost certain that all of the 
air that is in chemical solution will be liberated, changing the condition from one of 
chemical solution to one of mechanical suspension—that is, air which is held in the 
water as bubbles. 

The problem of separation when the air is held in mechanical suspension is 
deserving of attention and has not been commented on in this paper. Our experience 
indicates that there is a critical velocity below which air held in mechanical suspension 
will be released. If this velocity is exceeded the air will be carried along as a 
mechanical suspension and will not be liberated. Both Mr. Mills and Mr. Wallace 
have suggested ways in which velocity can be made to work favorably. 

We would like to see more work done to determine carefully what the critical 
velocity of flow is and the ways it can be made to accomplish proper venting. The 
implications in this paper indicate the feasibility of this additional work, which in our 
opinion, should receive further attention. 

W. M. Wattace, II, Durham, N. C.: Dr. Giesecke brings to our attention and 
explains several points about venting which have occasioned much discussion in the 
trade and considerable controversy because of a lack of authentic information. 

Many of the points covered in this paper have been confirmed in the experimental 
panel heating system in our office and in other jobs that we have designed. The 
experimental panel system referred to is % in. copper tubing in the ceiling of one room. 
It is heated by a 30 gal gas-fired heater. 

The down-feed, conventional type of forced circulation system with cast iron 
radiators that is used in my home has given us absolutely no trouble, but I don’t 
know why because there is no provision for venting at all. The system is over ten 
years old. I have only been observing it for five years and during that time I have 
twice heard air being circulated through the system. That is the only difficulty. We 
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have overcome that by simply recharging the expansion tank or venting the expansion 
tank by hand. It is not an open vent; it is an expansion type job. 

We have reports from several other installations which confirm Dr. Giesecke’s 
observation that practically all of the air is liberated within the first three months of 
operation. 

It should be noted that all of the examples given in this paper are the conventional 
upfeed type with water passing up through the boiler. We have completely abandoned 
the use of the upfeed system and we now introduce the water into the top of the boiler 
(the normal outlet) and take the warmed water from the return connections. Thus 
we have a reverse acting flow. 

There are a couple of advantages to this. One advantage of a reverse system is 
attained by placing the flow control valve on the horizontal return just before it 
enters the top of the boiler, thus preventing gravity circulation; whereas, with the 
conventional type, gravity flow occurred when it was not wanted. 

A second advantage, as Mr. Mills has suggested, is a large top opening. This would 
be our inlet. When the pump is out of action and the boiler is standing idle, the air is 
vented from the water in the boiler itself. If either a gravity type vent, as shown in 
this paper, or an automatic vent is placed on a tee at the top opening, we have no 
difficulty whatsoever with venting. 

There is another important point brought out by Dr. Giesecke. As shown in 
Appendix C, the air is liberated in the top radiators. This condition always occurs in 
a multi-story building, or where the boiler is placed at a low level. On one job where 
we have the boiler in the basement and a radiator system on the third floor (the rest of 
the building is panel heated), we find that we cannot keep the air out of the radiators. 
It appears that the water in the expansion tank absorbs the air at the higher pressure, 
and when it is raised to the third floor it is at a lower pressure and it releases the air. 


We have now set up a system of venting all the radiators once a week. Otherwise, 
there is a great deal of noise and if allowed to go for a month, we lose all heating 
from the radiators. 


Dr. Giesecke hasn’t given us any solution to this and it is my hope that someone 
can shed more light on the solution to the multi-story problem, 

Autuors’ CLosure: Mr. Lockhart suggests that additional research be conducted to 
secure more information regarding the venting of hot water heating systems. This is 
an excellent suggestion and | hope that the Society will undertake this study, either 
independently or in cooperation with some other research laboratory and that, in either 
case, Mr. Lockhart, Mr. Mills, and Mr. Wallace assist in the study so that advantage 
can be taken of their experience and their valuable suggestions. 


SELF-CHARGING ELECTROSTATIC AIR FILTERS 
By W. T. Van Orman* anp H. A. Enpres,** AKRON, OHIO 


a WELL-KNOWN principle of electrical precipitation has been utilized 
for the efficient removal of highly dispersed particulate matter from atmos- 
pheric air. The precipitation results from two forces: (1) electrostatic attrac- 
tion, and (2) ionic bombardment of the electric wind created by the corona 
discharge.} 


Certain high dielectric plastics, resins, and waxes have the property of gen- 
erating an electrostatic charge under the influence of an air stream. Because 
of this they will attract and retain fine dust particles from the air by electrostatic 
precipitation. Among the materials that have been found to exhibit this pheno- 
menon are those which can be formed into thin films by calendering, extrusion, 
or casting from solution and then shredded to form a porous mass. They can 
also be extruded and drawn into filaments on fibers similar in size and shape to the 
glass fibers employed in air filters. Materials which cannot be readily obtained in 
film or fiber form, such as some of the plastics and the various waxes and resins, 
can be coated, from solution or dispersion, on a porous or fibrous material such 
as glass, vegetable or animal fibers, and shredded paper, to impart electrostatic 
properties to the type of filter masses presently employed in air filters. 


The materials listed in Table 1 have been observed to have the property of 
collecting dust from the atmosphere by electrostatic attraction to a greater or 
lesser degree. 


The manufacturers of plastics have suffered from the natural tendencies of 
many plastics to gather dust. This tendency appears to be proportional to the 
surface resistivities according to Von Hippel. 


In the case of polystyrene wall tile, great effort has been directed to removing 
the inherent static charges. The authors’ experience in processing polyethylene 
film indicated an intense dust-gathering ability which necessitated immediate 
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TaBLe 1—MaAtTeERIALS CAPABLE OF COLLECTING DusT FROM ATMOSPHERE BY 
ELECTROSTATIC ATTRACTION 


Rubber hydrochloride 


Cyclized rubber 
Chlorinated rubber 
Polyisobutylene 
Polyacrylonitrile 


Vinyl chloride polymers & 


copolymers 


Vinylidene chloride poly- 
mers & copoly 


mers 


Cellulose nitrate 
Cellulose acetate 
Regenerated cellulose 


Polyethylene 
Polystyrene 


Polyamide resins 


Fluorinated ethylene 
polymers 

Methyl methacrylate 

Ethyl cellulose 

Melamine resins 

Urea resins 

Phenolic resins 

Natural resins 

Waxes 


TABLE 2—SurRFACE RESISTIVITY OF PLASTICS” 


At 30% AT 60% AT 90% 
PLASTIC MATERIAL RH* RH RH REMARKS 
Ohms Ohms Ohms 
Polystyrene.......... >5 x 10 | >5x 10" | >5 x 10° | Known to be 10! to 107 
Polyethylene. .... >5 x 10 | >5 x 10" 3 x 10° | Known to be lower than 
polystyrene 
Polymethyl 
methacrylate....... >5 x 10 | >5 x 10" 7 x 10% | Known to be lower than 
polystyrene 
Ethylcellulose . . >5 x 10 | >5 x 10% 3 x 10" | Usually considered lower 
than methacrylate or 
polyethylene; depend- 
ent upon plasticizer 
Vinyl-vinylidene 
chloride copolymer. .| >5 x 10" 3 x 10% 2x 10" 
Polyamide resin... ... >5x | 10 108 
Melamine resin....... 4x10") 10" 10" 
Phenol-formaldehyde..| 7x 10" 5 x 10" 2x 10" 
3x 10% | 10" 3x 10° 


aRH = Relative Humidity 


3—Dust REMOVED BY DINETTE LOUNGE Car FILTER* 


ASSEMBLY } I II II I 

MILEAGE } 4000 10,000 4000 10,000 
re Up Up Down Down 
oz 0 0 % 1 
Electrostatic 1 in. thick........ oz 4 3 
Electrostatic 1 in. thick.............. oz % 5% 34 44 
oz 1 944 1% 8% 

PERCENT OF TOTAL REMOVED 

0 3314 11.7 
%| 100 100 6624 88.3 
Up Up Down Down 


| | | 
, 


SELF-CHARGING ELECTROSTATIC AIR FILTERS, BY VAN ORMAN AND ENDRES 55 


wrapping of the material to avoid objectionable contamination from atmospheric 
dust. The dust pickup observed was so marked that it led to a patent conception. 
The character of the inherent charges on polystyrene is very capably described 
by P. C. Woodland and E. E. Ziegler? who show that areas of positive and 
negative charges exist in close proximity with a branching dendritic character. 
They found that dust particles themselves, including those consisting of finely 
divided carbon black, sifted Pocahontas ash, short wool fibers, short rayon fibers, 
and natural house dust, appear to be equally attracted by positive or negative 
charges. Areas having static charges of a relatively mild nature are almost sure 
to collect dust in some form, whereas very strong positive and negative charges 
existing in close proximity are sure to have unusual and well-patterned dust 
deposits. It will be noted in Table 2 that both polystyrene and polyethylene are 
excellent dust collectors as measured by their surface resistivity. 


In addition to the initial residual charges on the surface of plastics, the pass- 
age of air currents enhances these charges to a higher value and consequently, 
voltages as high as —1200 volts have been noted on tensilized rubber hydro- 
chloride and +300 to —200 volts on polyethylene. 


Since air filters embodying the use of such materials do not require a source 
of electrical energy as such in order to function as electrostatic precipitators of 
atmospheric dusts, they are properly considered self-charging. 


The materials that are most suitable for use in self-charging electrostatic 
air filters develop both positively and negatively charged areas in the same 
mass and will, therefore, attract and retain both types of charged particles. 


EFFEcT oF HuMIDITY 


Many electrostatic materials will collect dust even under conditions of high 
humidity. In Table 2 the surface resistivity is shown at 30, 60 and 90 percent 
RH, and it will be noted that polystyrene does not drop off in resistivity under 
increased humidity conditions while polyethylene falls off to only a slight extent. 
Richard Weber? points out that another important characteristic of polystyrene 
is its insensitivity toward water vapor and that, even when subjected to a con- 
siderable charge of water vapor, the filter loses scarcely any of its effectiveness. 
In electrostatic experiments using polystyrene, A. Flammersfeld® has shown that 
moisture has but little influence. 


A daily laboratory weight test on a full scale filter did not show any decrease 
in weight pick up of atmospheric dust due to high humidity conditions. On a 
10,000 mile railroad-car test, where three-fourths of the mileage was run on 
rainy or damp days, the filters were found to give very satisfactory performance 
as shown in Table 3. Filter F, listed in Table 3, as well as filters A to E, used 
in tests, are described in Table 4. 


In a complete season’s run in homes, about 100 test filters were in no way . 
adversely affected by high humidity. Therefore, if the proper materials are 
selected, moisture is not a problem with the self-charging electrostatic filters. 

It has been found, however, that dielectric materials which contain polar 
groups, such as rubber chloride and hydrochloride, cellulose acetate and nitrate, 
tend to be sensitive to high atmospheric humidity and either do not build up a 
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sufficient electrostatic charge, or the charge developed is rapidly dissipated. 
The net result is that such materials are not effective electrostatic dust precipi- 
tators under conditions of high humidity. 


EFFECT OF RADIOACTIVE MATERIALS 


Radioactive materials such as polonium, which emit rays that ionize the atmos- 
phere and produce electromagnetic effects, will discharge the electrostatic filters 
and render them ineffective. 


TESTING AND EVALUATION OF AIR FILTERS 


The procedure usually employed for testing and evaluating air filters consists 
of drawing air through a specimen filter at a predetermined rate, the air having 
been previously impregnated with a so-called standard test dust, and determining 
the quantity of dust removed. The fundamental deficiency of this method of 
evaluation is that the dust used is not representative of a normal city atmos- 
phere inasmuch as it does not contain highly dispersed carbonaceous matter. It 


TABLE 4—FILTER Types Usep 1n TESTS 


is the finely divided carbon present in the air in the form of soot and smoke 
that is responsible for most of the soiling of walls and furnishings in homes, 
offices, stores and other buildings. These highly dispersed and electrically 
charged carbon particles become deposited on such surfaces by thermal or elec- 
trostatic precipitation,® causing a considerable economic loss in cleaning and 
redecorating expense. 

The carbonaceous smoke particles present in a normal city atmosphere stay 
dispersed for long periods of time and are carried long distances by the normal 
movement of the air because of their small particle sizes, low apparent density 
and the electrical charges which they carry. In general, smokes are character- 
ized by particle sizes below 0.5 microns. Some of the particles may be positively 
charged and others negatively, depending upon the material of which they are 

‘composed and also on the manner ot formation. 

Electrical charges in aerosols may be produced by friction of the particles 
rubbing together, by friction with the air, or by the action of an ionizing agent 
such as ultraviolet rays, ionic discharge from high-tension wires, or atmospheric 
disturbances. Because of these factors such particles are difficult to remove from 
the air by conventional filtration processes without employing a medium with 
undesirable air flow resistance characteristics at the velocities normally required 
in heating and ventilating systems. Furthermore, the amount of power required 
to force air through a filter with sufficiently small pore size to remove highly 
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dispersed carbon smoke is greatly in excess of that normally available in such 
systems. 


TESTS WITH ATMOSPHERIC DusT 


The simplest and most convincing demonstration of the effectiveness of the 
self-charging electrostatic air filter is to use it in series with a conventional 
impingement type filter in a heating, ventilating or air conditioning system. 
When the electrostatic filter is placed downstream from the impingement filter, 
it collects dust which has passed through the latter. When the position of the 
filters is reversed, the electrostatic filter leaves practically no dust in the air 


Upstream Air Intake Sides Downstream 


a 


Electro- 

«Static | 

New 

Fic. 1. Errect oF Position oF FILTER A AND ELECTROSTATIC FILTER ON DUST 
CoLLEcTED (ATMOSPHERIC Dust—786 Hovurs) 


stream 


stream that is retainable by the impingement filter and the latter remains sub- 
stantially clean. This is demonstrated by the tests to be described. 

We chose an Atlas Fadeometer having a standard 20 in. X 20 in. X 1 in. filter 
and a velocity of 450 fpm for the atmospheric dust test. An electrostatic filter 
was placed in series with a commercial filter of the impingement type, and a 
786 hr run was used as standard. Fig. 1 gives a composite picture of upstream 
and downstream tests where the air passes through the two filters. It will be 
noted by comparing the color of Filter A with the new filter, that considerable 
dust has been picked up on the upstream side. The corresponding downstream 
electrostatic filter has picked up a considerable quantity of dust showing much 
dust has passed through Filter A. In the reverse position with the electrostatic 
filter upstream, considerable dust has been picked up, but Filter A remained sub- 
stantially clean. This indicates that the electrostatic filter is picking up more 
dust and finer dust than Filter A. Fig. 2 represents a larger and better view 
of Filter A and the electrostatic filter showing Filter A in upstream position. 
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Fig. 3 represents an enlarged view of Fig. 1 with the electrostatic filter 
upstream and Filter A downstream, showing that essentially no dust passed 
through the electrostatic filter. 


Fig. 4 represents a commercial metal impingement filter (Filter B) located 
upstream and the electrostatic filter downstream. Here again this view shows 
that a considerable portion of dust has passed through Filter B. 


By previous experience it was found unnecessary to reverse the test, since the 
electrostatic filter upstream would not permit sufficient dust to pass through to 
discolor Filter B. 


In a recent paper, W. J. Smith and E. Stafford® point out that there are 
5 to 30 million or more individual dust particles per cubic foot in the air we 


Electrostatic Downstream Filter A Upstream 
Air Intake Sides 


Fic. 2. ENLARGED ViEW oF Fic. 1 SHowING FILTER A 
UpsTREAM AFTER 786 Hours—ATMOSPHERIC Dust 


breathe. Any major reduction in the dust count of atmospheric dust will be 
a major achievement, as has been shown here visually and by comparison with 
other filters. The authors favor this simple and practical test because it gives 
a comparison with known makes of filters under actual service conditions even 
though a month or more is required to complete the tests. 


TESTS WITH GENERATED SMOKE 


In order to evaluate the various electrostatic materials as practical dust col- 
lectors it was desirable to use an accelerated test. The present accepted methods 
were not considered adequate for this purpose for the reasons previously men- 
tioned. Therefore, it was necessary to develop a procedure involving the use 
of a highly dispersed carbonaceous smoke in order to approximate the average 
city atmosphere with which heating and ventilating engineers are normally 
concerned. This was accomplished by generating in the duct, a constant con- 
centration of carbonaceous smoke under controlled conditions as described in 
the following paragraph. 
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Numerous attempts were made to utilize the finest carbon black available 
as a dust medium, but the results obtained were erratic and could not be dupli- 
cated. Aspiration, vibration, and screw feed mechanisms failed to give consistent 
results. The tendency of the particles to agglomerate into relatively large masses 


Electrostatic Upstream Filter A Downstream 
Air Intake Sides 


Fic. 3. ENLARGED View oF Fic. 1 SHowrnG Fitter A 
DoWNSTREAM AFTER 786 Hours—ATMOSPHERIC Dust 


Electrostatic Downstream Filter B Upstream 
Air Intake Sides 


Fic. 4. Dust CoLLectep witH ELECTROSTATIC FILTER 
DowNSTREAM AND FILTER B UpstREAM AFTER 786 Hours 


renders this material unsuitable as a filter test medium. However, it was found 
that an aerosol of fine smoke could be generated by burning mixtures of alcohol 


and benzene under controlled conditions. Alcohol burned with a clear smokeless . 


flame and benzene burned with a very sooty flame. By controlling the proportion 
of benzene and alcohol it was possible to control the character of the smoke 
generated. It was found that a mixture of 50 percent alcohol and 50 percent 
benzene by volume was satisfactory because it gave a definite weighable smoke 
pickup. 
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Fig. 5 illustrates the particle size of this smoke, magnified 100,000 times, 
and showing an initial sphere of carbon 0.05 microns in diameter. It will be 
noted that these spheres build themselves loosely into chains which are con- 
trollable by the rate of combustion, air flow, and wick height. The 0.05 micron 
particles have enormous surface area, which amounts to approximately 5 acres 
per lb. This type of carbon has a true specific gravity of 1.75. It is very light and 
fluffy in bulk, with an apparent density of 0.068 gm per cc, or 4.24 lb per cu ft. 
Here is a smoke starting with a particle size of 0.05 microns, which is very light 
and fluffy and more closely approaches the density of atmospheric dust. The 
outstanding feature of this generated smoke is that the particle size may be 
increased or decreased as required. 


TABLE 5—LABORATORY FILTER TEST FILTER 


GRAMS OF SMOKE 
MATERIAL RETAINED PER 20 
Grams BURNED 
Polyethylene on glass fiber (fused)... 0.348 
Polystyrene on glass fiber (latex, fused)..................... 0.335 
Polystyrene on glass fiber (solution coated).................. 0.226 
S-60 (copolymer of styrene and isobutylene)—shredded....... 0.138 
Impingement filter B-1 in. metal impingement—oil coated... .. . 0.114 
Polyvinylidene 0.079 
Candelilla wax (on paper)—shredded....................... 0.075 
Filter A—1 in. glass fiber oil coated.....................-5. 0.065 
Filter C—1 in. shredded aluminum—dry.................... 0.062 
Polyethylene (glycerine 0.047 
Vinyl (vinyl chloride resin)—shredded...................... 0.044 


In a paper? published in 1948, R. S. Farr, W. N. Pauley, and K. A. Crismon 
pointed out that the gravity of their recommended test dust of 2.5 was quite 
high and that particle sizes much smaller than those currently used should be 
employed to show differences in types of filters. 

R. S. Dill® in 1938 pointed out that tests with atmospheric dust and smoke 
gave uniformly low filter efficiencies. It is equally true today that filter efficiency 
for smoke is low, and that the time has passed when a mythical 90 percent filter 
efficiency is accepted. 

The authors believe that filter ratings by smoke tests are necessary and 
desirable to bring out differences in filter performance. 

In household service where the air is recirculated as often as 100 times per 
day it is not necessary to achieve 100 percent actual efficiency. An electrostatic 
filter will remove a considerable portion of the dust particles on each passage, 
and after several trips through the filter the air will be essentially clean. 

In Fig. 6 the smoke test equipment is shown in front of an air conditioner 
where test filters are hung in the air stream before and after conditioning. The 
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lamp in the foreground is weighed before and after each test. The wick height 
is adjusted by gage and the air flow carefully controlled to 300 fpm. Fig. 7 
shows the side view of the test equipment. In a two-hour run air velocities 
are checked every ten minutes and maintained at 300 fpm. 


The round spheres are 0.05 to 0.1 micron diameter. 
Three-dimensional impression is achieved by shadow 
cast by metal at 45 deg. Magnification — 100,000. 


Fic. 5. ELecrron MIcroGRAPH OF SMOKE PARTICLES 


The test filters shown in Fig. 6 are 614 in. in diameter by 1 in. in thickness, 
and are covered on both sides with two mesh hardware cloth. The entire appa- 
ratus is designed for use with an analytical balance sensitive to 1/10 milligrams. 
Approximately 35 grams of fuel are burned in two hours. The amount of 
smoke picked up per 20 grams of fuel used is arbitrarily chosen as the basis of 
comparison. The ratings of 19 different electrostatic materials and other filters 
are given in Table 5. 


* 
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It will be seen that polystyrene and polyethylene are predominantly outstand- 
ing in their electrostatic dust pick-up. Superior performance of these two mate- 
rials is noted when they are applied to fibers, such as glass, vegetable and animal. 
Rosin coated fibers are reported to have electrostatic characteristics. 

In an effort to combine the performance of impingement and electrostatic 
filters, glycerine was very carefully sprayed on a polyethylene test filter. The 
smoke pickup was reduced from 0.261 to 0.047 grams. The authors interpret 
these data as indicating that, in a shredded polyethylene filter, 82 percent of the 
smoke is picked up electrostatically and only 18 percent mechanically. 

Emphasis is placed on the fine particle size and high degree of dispersion of 
the dust (smoke) used in this test. Previously reported attempts to use carbon 


Fic. 6. WeiGutT-SMOKE APPARATUS—FRONT VIEW 


black and other finely divided forms of carbon were of limited success because 
the dust was present in the air stream in a highly aggregated and agglomerated 
condition. The effective or real particle size was, therefore, many times that of 
the ultimate or individual particle size as determined by the accepted particle 
size measurement methods. It is extremely difficult if not impossible to disperse 
carbon black or lamp black in an air stream to a degree even approximating 
the conditions prevailing in an ordinary smoky atmosphere. 


Service Tests IN HEATING SYSTEMS 


In our local area, forty-four homes were equipped with self-charging electro- 
static filters. By accident, it happened that the past winter 1950-1951 was the 
worst encountered in this area in over three decades. In a questionnaire sent 
out to the users, the question was asked, Have you noted any difference in the 
amount of dust in your home? Replies were: less dust 87 percent; no difference 
7 percent. 
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Where dust allergies were encountered in the homes equipped with electro- 
static filters, a questionnaire revealed that in 75 percent of the cases there was 
improvement, and in 1214 percent there was no effect. For 12% percent there 
was no answer. The general observation was that the electrostatic filters kept 
the walls, curtains, drapes, and furniture in the home cleaner. 


RAILROAD Car TESTS 


Tests were made on a dining car operating between Chicago and Colorado 
Springs. The impingement filters used in this car were normally 4 in. thick. 
The test assemblies consisted of two 1 in. electrostatic filters taped to a 2 in. 
Filter F of metal impingement, oil coated type. Since difficulty would be en- 
countered in trying to judge the relative merits by appearance, each filter of 


Fic. 7. We1cGHT-SMOKE APPARATUS—SIDE VIEW 


the test assembly was weighed before the start, after 4,000 miles and after 
10,000 miles. 

The two test assemblies were placed on either side of the car. One assembly 
was placed with Filter F upstream and two electrostatic filters downstream. On 
the opposite side of the car the two electrostatic filters were placed upstream 
and Filter F was downstream. The results, shown in Table 3, indicate that no 
dust was picked up by Filter F when it was downstream from the electrostatic 
filters. When Filter F was upstream from the electrostatic filters a very con- 
siderable amount of hard-to-catch dust passed through it which was then picked 
up by the electrostatic filters. 

Fig. 8 shows Filter F in the upstream position where it picked up only 12 
percent of the total dust collected, whereas the electrostatic filters picked up 88 
percent, even though located downstream. 

In Fig. 9, where the electrostatic filters were placed upstream, they picked 
up 100 percent of the dust retained. Blue shredded polyethylene was used in the 
filters shown in Fig. 8 and 9, and therefore, the color contrast is not as pro- 
nounced as exhibited in Fig. 1. 

In order to ascertain the dust pick up in the same service at a later date, two 
4 in. oil coated impingement filters were tested over the same route and mileage. 
On one side of the car the filter picked up 3 oz of dust and on the other side 4 oz 
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of dust. Electrostatic filters, only 2 in. in thickness instead of 4 in. collected 914 
oz of dust. Fig. 10 shows the filters used in this test. 


CLEANING ELECTROSTATIC FILTERS 


The ease of cleaning electrostatic air filters is worthy of special comment. 
The directions are to rinse gently in cold water. No hot water, no detergent, 
no re-oiling is needed., Any householder can do the job effectively without 
additional equipment. After this simple cleaning method, the filters may be 


4-in Oil Coated 
Impingement |ilters Air Intake Sides 


Dining Car Service — 10,000 Miles 
Dirt Pick Up: One side 3 oz; Other side 4 oz. 


Fic. 10. RarLroap Car Test USING 
4-In. Ort CoatTep FILTERS Tyre E 


drained a few minutes and restored to service even though damp. The filters 
may be cleaned over and over again without loss of performance. 


CONCLUSIONS 


Air filters composed of electrostatic materials in suitable form offer an eco- 
nomical means of removing highly dispersed carbonaceous particles and other 
dusts from the air when used in conventional forced draft heating, ventilating 
and air conditioning systems. 


Such filters function by electrostatic attraction and precipitation and are 
therefore effective throughout their entire thickness. They are easily cleaned 
by washing with cold water and can be reused without deterioration of their 
electrostatic properties. 
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DISCUSSION 


C. B. Rowe, Madison, Wis. (WrittEN): During the last two years we have made 
several preliminary investigations in attempting to evaluate the effectiveness of air 
filters made from materials having the property of developing an electrostatic charge. 

In carrying out these evaluations, we have used the test apparatus of Fig. A and the 
test dusts of Table A. We have supplemented this laboratory work with a minimum 
amount of field testing. Photographs of field test specimens are shown in Figs. B, C, 
D, E, F, G, H, and I. 

In using the test apparatus of Fig. A, the test dust is placed in flask 14, from where 
it is blown out of a feed tube at 15. Air is drawn through the test apparatus by blower 
9. The test dust is entrained in the air passing into the test apparatus at point 1. An 
absolute filter, consisting of a dense glass fiber mat, is located at 8. This absolute filter 
collects all of the test dust not removed by the test filter at 3. Efficiency results are 
obtained from the weight gain of the test filter and the absolute filter. 

A series of laboratory test results obtained with the apparatus of Fig. A are shown 
in Table B. 

Tests No. 1 and 2 were made on 20 in. x 20 in. x 1 in. viscous impingement type 
filters using test dust types No. 1 and No. 2 respectively (see Table A). 

Tests No. 3 through 7 were made on a 20 in. x 20 in. x 1 in. filter constructed of 
shredded polyethylene. These fibers were of essentially the same size and shape as the 
wood excelsior used in packaging. 
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Fic. A. Test APPARATUS 


Test No. 3 was made using the test dust No. 1 mixture of Table A. This result 
should be comparable with that obtained on the viscous impingement filter of test No. 
1. Note that the maximum efficiency of the viscous impingement filter was 70.3 percent 
and its resistance to air flow was 0.065 in. water while the maximum efficiency value 
on the polyethylene filter was 25.6 percent and the resistance to air flow was 0.245 in. 


water. 


Test No. 4 was made using test dust mixture No. 2 (see Table A). This result 
should be comparable with that obtained on the viscous impingement filter of test No. 
2. In this case the viscous impingement filter had a maximum efficiency of 49.6 percent 


TasLE A—List oF Test Dusts 


Test Dust 


DESCRIPTION 


1 


80 percent Pocahontas coal ash passing 200 mesh screen 
20 percent double bolted carbon black 


Standard Fine 0-5 —39 + 2 percent 
Air Cleaner Test 5-10—18 + 3 percent 
Dust 10-20—16 + 3 percent 


40-80— 9 + 3 percent 


Godfrey L. Cabot, Inc., ‘‘Monarch No. 71” 
0.015 Micron Carbon Black 


100 percent Pocahontas coal ash passing 200 mesh screen 


(5) 
OL 
* | 
| 
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Fic. B. INTAKE FACE OF SHREDDED 
POLYETHYLENE FILTER AFTER Four 
MontTus SERVICE 


Fic. C. Crose-up oF INTAKE FACE 
OF SHREDDED POLYETHYLENE FILTER 
AFTER Four MoNntTHS SERVICE 


Fic. D. Exuaust Face oF SHREDDED 
POLYETHYLENE FILTER AFTER Four 
MontTus SeErvICcE, SHOWING (a) 28 X 
32 Mesu CueEsE CLotH Fotpep Back 
TO Reveal Dust WuticH PAssED 
THROUGH FILTER AND WAS RETAINED 
BY CHEESE CLotH, (b) A CLEAN PIECE 
oF CHEESE CLOTH SHOWING THE ORI- 
GINAL COLOR 


Fic. F. INTAKE Face oF EXPANDED 
POLYETHYLENE SHEET FILTER AFTER 
Four Montus SERVICE 


Fic. E. (left). Cros—E up or Dust 
LoapEp CHEESE CLOTH oF Fic. D 
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and a resistance of 0.05 in. while the polyethylene filter had a maximum efficiency of 
63.6 percent and a resistance of 0.227 in. water. 

It is interesting to note that the polyethylene filter performed substantially better on 
test dust No. 2 than it did on test dust No. 1 while with the viscous impingement filter, 
the converse was true. 

After the improved showing of test No. 4 over that of test No. 3, test No. 5 was 
made. The use of test dust No. 1 was repeated to confirm the result of test No. 3. 
Approximately the same result was obtained. 

Test No. 6 was made using test dust No. 3 (Table A) which is a finely divided 
carbon black. The result obtained was substantially the same as that of tests No. 3 
and 5. 

It was then noted that test No. 4 was made on test dust No. 2, which contains no 
carbon black, and that the efficiency obtained in test No. 4 was substantially better 


Fic. G. Ciose-up oF INTAKE Face Fic. H. Exnaust Face oF Ex- 
oF EXPANDED POLYETHYLENE SHEET PANDED POLYETHYLENE SHEET FILTER 
FILTER AFTER Four Montus Service SHOWING (a) 28 X 32 MesH CHEESE 
CLotH FoLpEp Back To REVEAL Dust 
WHIcuH PASSED THROUGH FILTER AND 
was RETAINED BY CHEESE CLOTH AND 
(b) a CLEAN Piece oF CHEESE CLOTH 
SHOWING ORIGINAL COLOR 


than that of the other tests. Consequently it was assumed that the carbon black had 
an adverse effect on the filter performance. Test No. 7 was then made using test dust 
No. 4 (Table A). This dust consisted of pocahontas coal ash only. The result 
obtained is in line with that of tests 2, 5 and 6. 

Tests No. 8 and No. 9 were made on 20 in. x 20 in. x 2 in. viscous impingement 
filters, made from 16 ply of adhesive coated expanded fiber. Test dust No. 1 was used 
in test No. 8 and test dust No. 2 was used in test No. 9. 

Sheets of polyethylene were then slit and expanded in a similar manner. A 
20 in. x 20 in. x 2 in. 16 ply filter having essentially the same resistance to air flow as 
the filters of test 8 and 9 was made from the processed sheet. Tests Nos. 9 and 10 
were made on this filter using test dust Nos. 1 and 2 respectively. Note that, again, the 
polyethylene filter was more effective on test dust No. 2 than it was on test dust No. 1 


— 
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while the viscous impingement filter was more effective on test dust No. 1 than it was 
on test dust No. 2. 

The idea then occured to us that even though the arrestance values obtained on the 
slit and expanded polyethylene filter were low, the filter was perhaps arresting 
extremely fine particles which normally passed through a viscous impingement filter. 
Consequently it seemed logical that if the polyethylene filter was used in tandem with 
and on the exhaust side of a viscous impingement filter, the arrestance efficiency of 
the polyethylene filter might superimpose on the arrestance efficiency of the viscous 
impingement filter. 

In tests Nos. 12 and 13, viscous impingement filters of the type tested in tests 8 and 
9 were used in tandem with the polyethylene filter of tests 10 and 11. In each case 
the polyethylene filter was on the exhaust side, test No. 12 was made using test dust 
No. 1 and test No. 13 was made using test dust No. 2. In each case, the results 


Fic. I. CLose-up oF Dust LoapEep 
CHEESE CLotTH oF Fic. H 


obtained were approximately the same as those obtained on the viscous impingement 
filter only in tests Nos. 8 and 9. 

The details of the procedure used in our laboratory tests are based on our experience 
in testing conventional filters. Since the electrostatic filter operates on a basically 
different principle, it is possible that such details as the rate of dust feed and the length 
of time the dust particle is air borne will adversely affect the test results obtained 
on electrostatic air filters. 

Consequently a polyethylene filter of each of the two types tested was then placed in 
a filter bank in a Madison, Wisconsin department store. The test filter bank filters a 
high percentage of recirculated air diluted with a smaller, varying quantity of fresh 
air. A piece of white 28 x 32 mesh cheese cloth was placed over the exhaust side of 
each test filter. The filters were left in place for a period of four months. At the end 
of this time they were removed for inspection and photographing. Photographs are 
shown in Figs. B, C, D, E, F, G, H and I. 

In both cases, the intake face of the filter indicated that some dust had been caught. 
However, a large quantity of dust had passed through each filter and was retained by 
the cheese cloth. The shredded polyethlyene filter weighed 3.52 lb when installed and 
a .01 Ib least reading scale showed no measurable weight gain during the four month 
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TaBLE B—Test RESULTS 


Test ADHE- Dusr | Torat | Inrrmat| Fina 
Test | Vevoci- Fivrar SIVE Feep | Quanti-| Res. Res. Max. Avc. 
No. | Ty DeEscrIPTION Tyre Rate | Ty Fep | | Err. Err. 
1 350 Viscous Oil No. 1 30 gms/ | 180 gms} 0.065 0.072 70.3 67.1% 
Impingement Base 80-20 br 
20 in. x 20 in. x 1 in. 
2 350 Viscous Oil No. 2 30 gms/| 30gms | .056 060 499.6 | ——— 
Impingement Base Sac br 
20 in. x 20 in. x 1 in. Fine 
3 350 Polyethylene None No. 1 30 gms/ | 30 gms .245 245 25.6 ie 
Excelsior 80-20 br 
4 350 Same as 3 None No. 2 30 gms/|120gms} .227 .227 63.6 | 59.5% 
Sac hr 
Fine 
5 350 Same as 3 None No. 1 30 gms/| 30gms| .226 .226 21.3 _-— 
80-20 hr 
6 350 Same as 3 None No. 3 10gms/| 10gms| .225 .227 21.0 ——— 
0.015 Micron hr 
Carbon Black 
7 350 Same as 3 None No. 4 30 gms/} 30gms| .225 .227 18.6 
—200 hr 
Mesh 
Pocahontas 
Ash 
350 Viscous Oil No. 1 30 gms/|210 gms} .095 163 86.3% 
Impingement Base 80-20 hr 


20 in. x 20 in. x 2 in. 


9 350 Viscous Oil No. 2 30 gms/| 30gms} .108 112 73.3 _- 
Impingement Base Sac br 
20 in. x 20 in. x 2 in. Fine 
10 350 16 Ply Slit & None No. 1 30 gms/| 30gms| .095 096 66 | ——— 
Exp. Polyethylene 80-20 hr 
Sheet 
il 350 Same as 10 None No. 2 30 gms/| 30gms| .095 096 34.6 
Sac br 
Fine 


12 350 Type 8 & Type | See&S& No. 1 30 gms/| 30gms| .190 .202 86.3 


10 in Tandem 10 80-20 hr 
Type 10 Behind 
13 350 Same as 12 See 12 No. 2 30 gms/| 30gms| .198 .203 78 
Sac br 
Fine 


period. The expanded polyethylene filter gained about 9 gms. during the same test 
period. 

It is our opinion that the authors have not given proper consideration to the results 
which can be obtained by the use of artificial test dusts together with the air filter test 


| 
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methods in current use. We agree that outside atmospheric air contains very finely 
divided and highly dispersed particles. We also agree that artificial test dusts in 
current use are not representative of the dust load in outside air. However, we wish 
to point out that most panel type air filters are used in locations where the air passing 
through them consists of a high percentage of recirculated air diluted with a relatively 
small percentage of fresh air. The air passing through the filters used in most home 
furnaces contains no outside air other than what comes into the house by infiltration. 

Consequently it is our opinion that artificial test dusts come much closer to simulat- 
ing the air borne dust loads which most filters must remove than the authors indicate. 
The ability to remove extremely fine particles is indeed a desirable characteristic, 
but it is also desirable to remove the comparatively coarse ones. 

In comparing our results with those obtained by the authors of this paper, we find 
that we are pretty far apart in evaluating the comparative effectiveness of viscous 
impingement and self-charging electrostatic filters. 

We do not claim that our tests are conclusive, and we shall be most pleased to 
discuss our work with the authors in an attempt to reconcile the differences in test 
results. 


ArtHuR NuttinG, Louisville, Ky. (Written): The authors have very ably 
described the interesting phenomena exhibited by charge bearing dielectric materials 
exposed to a normally dust laden atmosphere. It has long been observed that charged 
bodies, especially on high voltage equipment, collect dust in very definite patterns. 
There are some points I would like to have clarified, however, especially as to 
effective life of the electrostatic filter and to test procedure described. 

The authors point out that the surface resistivity of the recommended plastic 
materials is very high and remains so even at high relative humidities, such as 90 
percent. Any accumulated charge therefore does not tend to leak via the plastic itself, 
but what happens after a coating of atmospheric dust has been accumulated? In our 
work we have imposed an electrostatic charge on a dielectric material and it has been 
observed that one day’s collection of atmospheric dust very greatly increases the 
conductivity at high humidity though the dielectric filtering material itself is practically 
unaffected. Conductivity increases with increased dust load and increased humidity. 
It would appear that the self-charged electrostatic filter might tend to lose its charge 
via the dust even though the resistivity of the plastic remains high. 

With regard to the various atmospheric dust tests I believe information on filter 
resistances would be of value. The data given does not necessarily prove the existence 
of electrical forces because the strainer and impingement properties of the plastic 
filters might be sufficiently superior to those of the viscous filter that the latter would 
catch but little of the dust reaching it. Weighing of filters in the gross to determine 
dust content is usually open to question, especially where the filters may contain as 
much as 4 to % |b of oil. The dust finally attributed to the filter will be dependent 
upon such factors as air velocity, temperature, oil volatility, etc. which affect amount 
of oil lost and which in turn could overbalance the weight of dust collected, especially 
where the latter is in small amounts. 

In the railroad car tests it is surprising that in one case the second one inch electro- 
static unit collected more dust than the one preceding it in the air stream. This 
indicates a fairly low efficiency for the first one inch unit, though it may have accumu- 
lated its full dust load and was passing agglomerates to the second unit. A degree of 
particle charging may also have occurred in passing the first unit. 

I certainly agree that air filter test methods based on standard test dusts have definite 
limitations and do not always represent conditions met in the field. They do, however, 
provide reproducible results which can be used for comparison of filters under con- 
trolled conditions. The amount of test dust fed, the evenness of its distribution, etc. can 
be determined accurately, and careful sampling techniques yield very consistent and 
reasonable values for filter efficiency. If we wish to determine the arrestance of a filter 
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on particle sizes below 0.5 microns, then we must turn to methods such as have been 
used by Van Orman and Endres. We must either generate a fine smoke, or use 
atmospheric dust directly. Smoke generators have one fault, however, which makes 
their use in testing filters, and particularly electrostatic filters, of doubtful accuracy: 
they produce highly charged aerosols and charged aerosols are easier to collect than 
uncharged. 

In the case of a smoky flame, the dissociation of gases in the flame provides charges 
which are carried away on the smoke particles. A fresh smoke cloud is generally 
electrically neutral, but there is little chance for an individual particle in the cloud to 
be uncharged. The charge per particle decreases with time as a result of adsorption 
of gaseous ions, etc., and we do not find much charge on normal atmospheric dusts. 

Testing with atmospheric dust is quite feasible and surely produces the least 
distorted test dust imaginable. We have found the Bureau of Standards discoloration 
test on atmospheric dust highly reliable. With minor modifications it will yield 

_accurate results on filters having discoloration efficiencies from zero to 100 percent. 
‘ With this method, efficiencies may be determined simultaneously on two filters 
operating under identical conditions; the variation in efficiency with age and changing 
atmospheric conditions may be determined. 

The smoke test procedure is open to additional question as again only very small 
quantities of test aerosol are collected and weighed on fairly large filter samples. Then, 
too, it would be. interesting to know the differences in resistance of the various filter 
packs tested with the smoke generator. It appears that some of the differences given 
in Table 5 might be caused by differences in mechanical filtering rather than to 
electrostatic effect. For instance, the metal impingement filter showed higher efficiency 
than the rubber hydrochloride, though it would be expected that the latter would be 
fairly high as long as it is not subjected to high relative humidity. 

Another question of interest concerns the relation between air velocity and efficiency. 
In our work on dry type media with an imposed charge we find that with air velocities 
in the order of 300 fpm the electrostatic action has little effect on discoloration 
efficiency, while a very marked effect is produced at the rated velocity of about 35 fpm. 
This reference, of course, is made to velocity at medium, not duct velocities. 


A. B. Huszarp, Bloomfield, N. J. (WrittEN): The authors are to be congratulated, 
not only for writing an interesting and informative paper, but also for their vision 
and diligence in making good use of a material property hitherto considered a nuisance. 
They are further to be commended for disclosing two simple methods of testing air 
filters. 

Although it is stated that the tendency of a plastic to gather dust is proportional 
to its surface resistivity, there is only a fair correlation between surface resistivities 
listed in Table 2 and filter test results in Table 5. Evidently other major factors are 
at work. This is also indicated by the 4 to 3 performance ratio of polyethylene as a 
coating for glass fiber as compared to shredded polyethylene film. It is hoped that the 
authors will expand their brief allusions to other basic properties, and that they can 
cite more results along the lines of the ingenious glycerin coating experiment by which 
impingement and electrostatic effects were separated and evaluated. 

It is regrettable that more space could not be devoted to the weight smoke testing 
method. The authors are urged to build a future paper around this subject alone. Many 
workers have experienced or suspected variations in the agglomeration of particles 
when carbon dust is mechanically dispersed in filter testing apparatus. Data supporting 
the conclusion that an alcohol-benzene flame generates a repeatable dispersion of 
carbon and the results of a rigorous comparison with established methods of feeding 
carbon dust should be of immediate interest to the TAC on Air Cleaning. 

The reader has no straightforward way of relating the performance figures given to 
those upon which his air cleaning experience is based. The operating results of the 
tandem arrangements detailed in Table 3 indicated that the self-charging electrostatic 
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filter is better than the conventional filter but do not permit a rational quantitative 
comparison. The laboratory test filter results in Table 5 cannot be expressed as 
arrestances because one does not know how much free carbon is produced by burning 
20 grams of the alcohol-benzene mixture. It is hoped that the authors can indicate 
arrestance figures, with natural atmospheric dust as well as with their special smoke, 
based on the discoloration method which is eminently suited to the purpose. 


Resistance to air flow plotted against dust load should have been included or 
indicated somewhere in this disclosure. Most engineers consider this expression of 
performance fully as important as any other index of quality. Such a curve could help 
decide how well the dust load is retained. For instance, the vertical columns of Table 
3 show the unexpected result that the second electrostatic filter has caught fifty percent 
more dust than the identical one upstream and above it. Does this mean that dust 
accumulated by the first filter came loose and was passed on to the second? 


Lester T. Avery, Cleveland, Ohio (WrittEN): This paper prompts the remark 
that in air conditioning cleanliness is next to Godliness. 


In the early days of forced air ventilation, crude efforts were made to separate out 
the larger flies, moths and leaves and some effort was made to use filters which would 
actually take out atmospheric dust. It was obvious that if we could keep the dirt out 
of the forced air system we could provide a better working and living environment 
than could be secured with the open window. We ran into resistance, however, on the 
part of the user who refused to throw away a filter, refused to clean a cleanable filter 
and it has been a long drawn-out process to get proper appreciation of clean air. 


It has seemed to me that air cleaning involves a procession of steps and in discussing 
this problem with others and in presenting material before Chapters I have pointed out 
that in certain kinds of operations we should have a sequence of cleaning, starting with 
ordinary screens then proceeding to the use of washers, filters of various efficiencies 
and electrostatic cleaning and possibly tying in chemical purifiers and bacteriacides. 
In other words, no one method nor one device seems to accomplish the entire program 
of cleaning but each device has its own particular field. Here in the self-charging 
electrostatic filter we have a new device which should function as a very important 
and useful tool. 


This simple material will apparently take out soot which is the discoloring part of 
atmospheric dust and that’s very important as we all object to dirt streaks near air 
outlets. But the most important feature of this product seems to be the ability to wash 
it in cold water whereby we can put our customer on a regular schedule for simple 
washing and because he does not have to handle an adhesive or detergent he can do 
this simply and quickly and frequently. We thus have not only a better filter media 
but one more easily cleaned. The next step would, of course, be to build a simple 
flooding or spray system in the filter section of the furnace unit or larger commercial 
system whereby you could turn a cold water valve, rinse off the dirt and let it flush 
down the sewer, and immediately the filter is ready to work in a clean state and at 
renewed efficiency. This valve operation could be mechanized and put on a time clock 
whereby we have truly simple and automatic self-cleaning. This to me looks like a 
very fine contribution to the art. 

We also should compliment the authors on the selection of a method of generating 
soot and measuring the cleaning ability of their filter. As you well know our Society 
has been faced with a problem of setting up methods of testing and rating air filters 
and to date we have not accomplished that very important objective. I would recom- 
mend to our TAC on Air Cleaning the careful consideration of this method of testing 
on one of the very objectionable features of dirty air and that is its ability to discolor. 
Thus I think we are brought one step nearer to a proper understanding and solution 
of this old problem of how to properly measure and rate various cleaning devices. 
Thanks to the authors for a very fine paper, very well presented. 
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W. M. Myter, Jr., Columbus, Ohio: This is a series of questions that have arisen 
in our minds as the result of reading Mr. Van Orman’s paper. I might say that they 
are generated by the fact that we have been studying auxiliary powered electrostatic 
filters ourselves for the last five years in some residences in Columbus. That is the 
reason we have these questions. 

First, do you have a comparison of the efficiency of the self-charging filter as 
compared with an auxiliary-powered electrostatic filter such as is now on the market? 

Second, what is the effect of thickness on the efficiency of the filter, on the pressure 
drop when cleaned and the rate of pressure change with loading? 

Third, how does the pressure drop characteristic compare with the present domestic 
mechanical type impingement filters? 

Fourth, how does the air velocity affect efficiency? 

Fifth pertains to Table 3. It is seen that when the electrostatic filters are upstream 
on the 10,000 mile run, the first 1 in. filter picked up more weight of dirt than did the 
second; whereas when the electrostatic filters are downstream, the second 1 in. filter 
picked up more. 

Also, compare the 4,000 mile run with the 10,000 mile run with the electrostatic 
filters downstream. It is seen that in the 4,000 mile run the first electrostatic filter 
removed less than the 2 in. mechanical filter; whereas on the 10,000 mile run the first 
electrostatic filter picked up more than the 2 in. mechanical filter. This indicates, 
apparently, some change in efficiency in one or the other, or possibly in both. 

Sixth, all data on efficiency are relative. Are there any data available on the total 
weight of smoke that was generated by that test when 20 grams of fuel were burned? 

Seventh, do you believe that the type of test used is indicative of the real efficiencies 
which would exist when other types of dirt are encountered, such as the domestic 
house dust? 

We wondered what is the criterion of observation of the 87 percent of the housewives 
who reported that the filter indicated less house dust. We know that much of the 
house dust originates in the scuffing of rugs and upholstered furniture and bedding, 
towels and those kinds of things. Much of this dust settles on the furnishings, floors, 
window sills within a room before it has a chance to be picked up by the air that is 
circulated back through the cleaning agency. No filter, however good, can eliminate 
this. Actually, if the filter picks up much of the smoke and other carbonaceous 
materials suspended in the air, the result is a cleaner house and the actual soilage 
factors for the lint or dust are less, with the result that the lint which remains in 
evidence to the housewife is actually cleaner and it appears to be a greater volume of 
lint than it did before. 

Eighth, as this filter loads with dirt, how is the actual efficiency affected? 

Ninth, during long fan shutdowns, such as we get on automatically controlled 
domestic installations, does the static charge decay to such an extent that it would 
release some of the dirt upon the next fan operation? 


Autuors’ CLosure (W. T. Van Orman): I am deeply appreciative of the comments 
this paper has prompted. 

The comments of Mr. Rowe are apparently thorough. I feel Mr. Rowe represents 
a field of filter testing which we have purposely passed by, and that is the use of 
procedures which have been used in the past 17 years. His No. 1 standard type 
of dust is 80 percent of Pocahontas coal ash passing through 200 mesh screen and 20 
percent double-bolted carbon black. 

You will probably remember, the micron size of a particle which can pass through a 
200 mesh screen is 74. In other words, he is using the coarser particle size, and we 
are in the finer field from 0.05 to 1.4 micron. 

Those who are experienced in handling carbon blacks have long since learned that 
individual carbon black particles agglomerate, not only with themselves but with other 
materials. Hence we know that the resultant particle size is not 74 microns, which 
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is what would be normally expected, but many times that size. Therefore, even though 
this test dust has been standard for many years, the resulting efficiencies are not 
comparable to atmospheric dust efficiencies, which is the real problem confronting the 
air conditioning engineer. 

We certainly believe there are plenty of filters available which will pick up coarse 
particle sizes, but our philosophy is that if you can pick up the finer particles, coarser 
particles will take care of themselves. 

We take his standard fine air cleaner test dust which he has used in the test and we 
find the zero to five microns represents 39 percent of the dust, the five to ten microns 
. 18 percent, the ten to twenty, 16 percent. There is an omission of the twenty to forty, 
but I believe it is 18 percent. The forty to eighty is 9 percent. Here again, you will 
see the work that Mr. Rowe has done has been on the larger particle size. 

The gravity of this test dust is 2.5, which is considered by R. S. Farr7 to be high. 
The closer we can make our test media conform to atmospheric dust in particle size 
and gravity the more accurate filter tests we can achieve, even the usual 90 percent 
efficiencies now so popular will have to be discarded. 

In Item 3, Mr. Rowe used Godfrey L. Cabot’s carbon black of 0.015 microns in size. 
That is a most impressive figure. For years, in the rubber industry we have used 
some 500,000 tons of black per year, but in that time we have learned that any type or 
size of carbon black agglomerates. We spent one year in our Research Division to 
learn that we couldn’t use any carbon black because it agglomerated too much and the 
resultant particle size was far from this figure of 0.015 microns. 

Then, of course, in the fourth test dust the 100 percent Pocahontas coal ash passing 
through the 200 mesh screen, there again we have the 74 microns as the representative 
size of the maximum dust particle. We cannot agree with Mr. Rowe that capturing 
100 percent Pocahontas fly ash represents a normal criterion of filter performance. 

The expanded polyethylene data presented by Mr. Rowe does not properly belong 
in this filter discussion because the polyethylene was not used in suitable form. The 
Wisconsin department store test shows that dust passed through the filters. Since we 
have not claimed 100 percent efficiency anywhere in our presentation one should expect 
dust to pass through the filters and the white cheese cloth to give excellent contrast 
against black filters. Also we note the absence of viscous impingement filters whereby 
one may judge by filter comparison rather than the cheese-cloth method. For the 
weight-gain method we recommend to Mr. Rowe the use of a scale with a 1/10 gram 
sensitivity, for we have invariably experienced a weight gain. This Wisconsin depart- 
ment store cheese-cloth test has contributed nothing to air filter information but 
confusion. 

We asked our microscopist to study the Wisconsin department store photograph 
under various magnifications. Fig. C Mr. Rowe claims is the close up of the intake 
face of a shredded polyethylene filter after four months’ service. There is no lint 
or carbonaceous material on the bright wire or shredded polyethylene on the intake 
side but plenty on the cheese cloth allegedly used on the exit side. Any filter engineer 
knows lint is easy to catch so we ask: “How did the lint get through the shredded 
polyethylene filter on to the cheese cloth with none left on the filter?” We wonder if 
Fig. C is the intake face of a shredded polyethylene filter which has been in service 
4 months! 


We don’t need a microscope to look at Fig. D. Here, Mr. Rowe alleges that this is 
the exhaust face of a shredded polyethylene filter after four months’ service showing 
(a) 28 x 32 mesh cheese cloth folded back to reveal dust which passed through the 
filter and was retained by cheese cloth (b) a clean piece of cheese cloth showing 
original color. We state, with all emphasis at our command, that this was not the 
cheese cloth used behind the shredded polyethylene filter. Just look at the three 
horizontal and two vertical white lines, they look like the typical wire reinforcements 
of a filter manufactured by his company as shown in Fig. F. Could there be some 
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mistake in this? We have been unable to duplicate these tests described and get 
anything significant on the cheese cloth downstream from the polyethylene. 

In concluding our comments on Mr. Rowe’s discussion we ask whether he is looking 
for facts and scientific information or trying to prove this new product unsuitable. 

Mr. Nutting has presented some very pertinent comments which we appreciate. In 
regard to the automatic discharge of these filters, we point out that the voltages at 
which we operate these self-charging electrostatic filters are infinitely smaller than 
that of the electrical precipitator. You will note the value of 1200 volts for the rubber 
hydrochloride sounds very impressive, but that material is so hygroscopic that it 
discharges itself, which explains why we did not use our own product in this filter. 
The lower the voltage is the less is the tendency to discharge. 

I fully agree with Mr. Nutting’s comments on the filter resistances on atmospheric 
dust. We were short of time, otherwise these data would have been presented. We feel 
that if Mr. Nutting will study the effect of glycerine on self-charging electrostatic 
filters, Table 5, third from bottom, he may find a clue that the filters do actually 
operate by electrostatic attraction. 

On the problem of reproducibility of results, as I pointed out in the presentation, 
we ran three to four hundred sample tests on these filters, and the results are repro- 
ducible under skilled hands. Therefore, this weight-smoke method of approach offers 
a new approach in the field of filter testing which is really tough. If you are not afraid 
of coming out with low efficiencies it offers a new field of attack. 

We are in complete accord with Mr. Nutting’s suggestion on the Bureau of 
Standards blackness test. We do not have the values available at the present time. 
As far as the resistance is concerned, we feel that there is a vast reservoir of experi- 
ence, and we have endeavored to pattern our resistance on this background, and 
therefore we are not going to be very far out of line. 

Mr. Nutting mentions the use of rubber hydrochloride here, for instance a metal 
impingement filter showed a higher efficiency than rubber hydrochloride, though it 
would be expected that,the latter would be fairly high as long as one is not subjected 
to high humidity. Rubber hydrochloride is excellent, but it is hydroscopic, and there- 
fore, is ruled out as a material for self-charging electrostatic filters. 

In reply to the questions of Mr. Myler about the comparative efficiencies of electrical 
precipitators and self-charging electrostatic filters: (1) We do not have a direct 
comparison as yet. It is probable we are closer to electrical precipitators than impinge- 
ment filters. (2) and (3) The pressure drop on the filters has been designed to be 
comparable with impingement filters and may be used interchangeably. The rate of 
pressure increase with loading is less than impingement filters. (4) Our values were 
all taken at 300 fpm and do not have other values. (5) The question on Table 3 is 
answered under Mr. Hubbard’s discussion. The second question under this group 
concerns the pickup of the electrostatic filter downstream from impingement on 4000 
mile test. Here we are on the edge of weighable results and we suggest the 10,000 mile 
column as being more indicative (6) The sixth question was also brought out by Mr. 
Hubbard and the answer is under his discussion. (7) In the case where 87 percent of 
the housewives reported less dust we are merely quoting an estimate. Many have 
recognized the color change in the lint observed from dark to light gray due to removal 
ot carbonaceous materials suspended in the air. Also dust cloths used over the same 
areas do not blacken as quickly. We recommend longer blower operation to help 
remove dust and lint since the heat required in homes in spring, summer, and fall is 
so small that the filter has little opportunity of cleaning the air. (8) As the electro- 
static filter loads with dirt there is a small increase in efficiency. (9) During long 
blower shutdowns common to domestic installations in spring, summer and fall, the 
decay in the static charge is not sufficient to cause release of some of the dust on the 
next blower operation. The result of three years’ operation confirms this observation. 

Mr. Hubbard raises a question about the glycerin coating in the experiment which 
we used and asks that that be amplified. We were spreading ourselves so thin on this 
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work that we were forced to stop with that one experiment. We expected to enhance 
the performance of the filter by spraying it with an adhesive, such as glycerine, and 
when we found we ended up in the opposite direction we dropped that line of attack. 

The correlation between surface resistivity shown in Table 2 and filter test results 
in Table 5 is somewhat rough as Mr. Hubbard points out. There are contributing 
factors not covered, such as the hygroscopic nature of the material, aerodynamic shape 
of filter media, edge characteristics (fibrous edges seem to enhance electrostatic 
charge) and cyclonic whirlpools mechanically aiding dust particle contact with the 
electrically charged filter media. Perhaps | should stress the important fact exhibited 
in both tables that polyethylene and polystyrene are the two outstanding materials 
for self-charging electrostatic air filters. 

In regard to the further development of the weight smoke method of approach, we 
are delegating that as a separate research problem to one of the leading technical 
schools. We feel it is a problem of extreme interest. There are indications that the 
smoke generated closely approaches atmospheric dust in its behavior and certainly in 
particle size and gravity. Correlation with blackness tests run on atmospheric dust 
and weight smoke test appear close. 

We want to present the weight smoke test on a full scale basis rather than on the 
laboratory scale which we have presented here, so that when the results from that 
research project are available we will be happy to present the weight-smoke method of 
approach in its entirety. 

Mr. Hubbard brings out with proper emphasis the fact that the reader has no 
straightforward way of relating the performance figures given to those upon which 
his air cleaning experiments are based. He refers to Table 3. In presenting that table, 
we purposely left out the constant by which you can translate the values into terms of 
efficiency. That was done with studied intent, for the reason that some of the efficiencies 
come out so pitifully low I think it would scare most of the manufacturers of air 
filters. The reader can still get the relative filter performance by comparison. He 
suggests that the resistance to air flow against dust load be plotted. Again, that is 
part of this separate research project. 

The question of the electrostatic filters on this railway car test, where the first filter 
picked up less dirt than the second filter, has been considered several times. Frankly, 
we don’t have an answer to that problem. We were perhaps more interested in the 
total dirt picked up by the two filters rather than that picked up by the individual 
filter. 

Mr. Avery brings out a point which we had hoped to avoid mentioning. That was 
the question of odors. It is true that we have evidence pointing to the fact that we are 
not only removing cigarette smoke odors but also certain household odors. Perhaps 
the most important emphasis which I can give that odor problem is that the porter on 
the lounge car operating between Chicago and Memphis, Tenn., when he learned 
that the test filters were going to be removed from his car, took an hour and a half 
of his own time to go across the city of Chicago to the officials of the railroad company 
just to see if they wouldn’t leave the test filters in his car. With that discussion of 
odors we will stop and hope at some future time to present the full story on odor 
absorption. 


A V-WIRE DIRECTION PROBE 


By H. B. Notrace*, J. G. Stasy**, anp W. P. Gojsza** 
CLEVELAND, OHIO 


This paper is the result of research carried on by THE AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS at its Re- 
search Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio. 


momentum and force are vector quantities of experimental im- 
portance in room air distribution, requiring both a magnitude and a direction 
to become completely specified. 

Instrumentation has been an important aspect of the long-range program on 
toom air distribution! *» 3, being conducted at the A.S.H.V.E. Research Labora- 
tory with the guidance of the Technical Advisory Committee on Air Distribu- 
tionf. 

Experience and construction features are reported here for a simple remote- 
indicating direction probe, developed for two-dimensional use in free streams, 
whose sensing element is a fine platinum-iridium wire in the form of a V sup- 
ported on three needle points and carrying a heating current as part of a bridge 
circuit. This device has been found well suited to the lower velocity range where 
aerodynamic direction probes, responding to impact pressure, become difficult 
to use because of: (1) the very small magnitude of the impact pressure, (2) 
the considerable time required to obtain a pressure balance with pressure lines 
of appreciable length and only a small pressure difference available, and (3) the 
fluctuations present in turbulent shear flow. 


PROBE PRINCIPLES AND CIRCUIT 


The rate of convective heat loss from a fine wire in a fluid stream will vary 
with the angle between the wire axis and the stream velocity. This fact might 
permit a single electrically heated wire to be used as a direction meter; but a 
simpler and more reliable arrangement, suitable for two-dimensional plane flow, 
is to employ two closely identical wires mounted in the form of a V. This per- 
mits direction determination based upon a very easy comparison measurement 
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between the two wires when they are made part of a bridge circuit. A single 
fine wire is subject to undesirable changes in its characteristics with use, but 
the relative change between two similar wires will be much smaller. Simmons 
and Bailey have reported a similar device.5 

Fig. 1 shows the circuit employed. The circuit constants noted there are 
not critical and merely represent one combination which has proven successful. 

In use, the V is pointed into the oncoming stream as in Fig. 2. If the V 
has been properly zeroed, both electrically and mechanically, the position of the 


= Ammeter, set at 0.4 amps (for convenience). 
= Platinum—Iridium V wires. 

= Resistor, 20 ohms. 

= Rheostat, 8 ohms. 

= Rheostat, 2 ohms. 

= Reflecting galvanometer, nominal sensitivity 
0.61 uv/mm, resistance 52 ohms. 

Resistor, 20 ohms. 

Rheostat, 20 ohms. 


Fic. 1. Crrcuit ror V-W1RE 


STREAM 
J 
Fic. 2. V-WrreE ALIGNED IN PLANE 
~~ oF FLow to GIVE STREAM DIRECTION 
{ifae {a} FROM THE DIRECTION OF THE BISECTOR 
2 volts OF THE V 


bisector of the V angle will coincide with the stream direction when the gal- 
vanometer (Fig. 1) shows zero deflection. 

Fig. 3 pictures a probe attached to a Selsyn motor, thereby providing con- 
venient remote positioning. 

Many variations are possible from the basic idea. The particular V under 
discussion is formed from platinum—10 percent iridium wire of 0.002 in. diame- 
ter, mounted on needle points with an included angle of 30 deg, and having sides 
0.50 in. long. Comparative tests of V’s of different sizes showed this combination 
to be best for the particular flow phenomena being studied and the circuit em- 
ployed. V’s with sides 0.25 and 0.75 in. long showed a much less stable gal- 
vanometer balance. 


SETTING THE ZERO 


Making both sides of the V identical, mechanically and electrically, is imprac- 
tical; fine platinum wires are known to experience changing heat-loss charac- 
teristics in service as a consequence of aerodynamic or other forces, solder- 
contact variations, and accumulations of surface deposits from the air. A 
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convenient electrical compensation and relatively simple zeroing of the direction 
angle therefore are important. 

To set the zero, a uniform stream is needed’ preferably of known direction 
which is most conveniently either horizontal or vertical. The procedure then 
is as follows, assuming the stream direction known, and working with the probe 
shaft horizontal : 

1. Place the V in the stream with its bisector aligned with the stream direction ; 
close the circuit and balance electrically to zero the galvanometer, and then set the 
Selsyn angle indicator at zero for a first trial. 

2. Rotate the V in both directions from this position, and plot observed galvanometer 
deflections vs. angle of rotation as in Fig. 4. 


(1) V-wire on needle points 

(2) Plumb line 

(3) Pointer for plumb reference setting 
Selsyn motor 

(5) Angle scale 

Fic. 3. V-Wrre Prope ATTACHED 


To SeELsyN Motor 


3. If the above curve is perfectly symmetrical, the zero setting and electrical balance 
are correct. If not, shift the Selsyn setting a few degrees and repeat the electrical 
balance, continuing the process until a symmetrical curve is obtained, whereby the 
Selsyn zero is finally established on the basis of the known or assumed stream direction. 

4. The zero position of the probe shaft then is referenced to the vertical with the aid 
of the plumb line and the adjustable set-screw indicator shown in Fig. 3. This permits 
the Selsyn motor zero to be re-set relative to the shaft at any future time. 


Unless the direction-calibration stream has had its direction definitely estab- 
lished by independent means, the angle zero still may be inaccurate despite the 
symmetry of Fig. 4. In this case, further steps are necessary to determine the 
true direction of the calibration stream, as follows: 


1. With the Selsyn reference angle set as above, rotate the entire assembly (motor 
and shaft) through 180 degrees about the tip of the V as a fixed point, keeping the 
shaft in a plane perpendicular to the assumed stream direction. This interchanges the 
two sides of the V as noted in Fig. 5. 

2. If the galvanometer balance is maintained in the new position, the assumed stream 
direction is correct. If not, the angle of Selsyn rotation to preduce balance should 
be determined. 

3. The true stream direction is given by the bisector of the angle between the 
initially assumed direction and the new balance position from (2) above, as diagrammed 
in Fig. 5. The Selsyn scale setting should be readjusted accordingly to zero the V 
in the true stream direction. The plumb indicator also is re-set as necessary in order 
to give an absolute shaft position reference to probe direction measurements. 
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If the adjustments above have involved shifts of more than 2 or 3 deg, a 
repeat checking is advisable. Experience has shown that the procedure out- 
lined yields zero settings to about +0.5 deg when performed only with very 
simple equipment, which precision is adequate for the intended use. 


oF PROBE 


The instrument described has been developed for use in free streams. The 
velocity range covered has been from 6000 fpm to roughly 50 fpm. The low- 
velocity limit is primarily in the nature of free-stream flow rather than the 
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V-WIRE ROTATION FROM ASSUMED ZERO SETTING, ANGULAR DEGREES 


Fic. 4. SYMMETRICAL-RESPONSE BAsIs oF SET- 
TING THE V-WIRE ZERO 


OC = Assumed stream direction for V-wire 
position AOB 

OC’ = Indicated stream direction for V-wire 
position B’OA’ (with sides of V 
interchanged) 

Fic. 5. DETERMINATION OF TRUE Tree df 


STREAM DIRECTION FOR ZERO SETTING 
OF DrRECTION-ANGLE SCALE 


principle of the probe, as long as there is no free-convection interference between 
the sides of the V. In free turbulent air streams at low velocities, large-scale 
whirls, billows and surges are encountered which make the V-wire principle 
impractical for tracing streamlines. 

The dimensions of the V serve as a limitation upon the streamline radius 
of curvature which may be followed. The V is intended for use in a region 
wherein the velocity vectors at all points within its dimensions have essentially 
the same magnitude and direction. The 14-in. V, however, thus far has proven 
adequate for its intended use in room air distribution research. 

Steep velocity or temperature gradients are to be avoided, for a difference 
in either air temperature or velocity between the sides of the V will distort the 
indication of bridge-circuit balance. 

Two methods of use have been employed: (1) setting the probe in position 
and rotating the V to balance the galvanometer, and (2) setting the V angle 
and traversing the entire probe assembly to locate the position of galvanometer 
balance. Convenience dictates the choice. 

The following precautions are suggested: (1) zeroing should be checked on 
a schedule established by experience, (2) the Selsyn motor must not be allowed 
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to accidentally slip a pole position, and (3) spurious indications must be guarded 
against in V positions 90 or 180 deg out of alignment. 

The instrument might be made self-rotating to automatically indicate the 
balance position angle, if desired, employing a procedure based upon the bridge- 
circuit balance. 

Extension to a three-dimensional design is possible, should such be warranted. 


ILLUSTRATIVE APPLICATION 


Fig. 6 shows a direction traverse across an isothermal air jet discharging 
into a large but finite space. The velocity-magnitude traverse corresponding 
thereto was more nearly symmetrical ; but the lack of directional symmetry means 


Above Horizontol 


be “10 -08 -06 -04 -02 02 0.4 0.6 
Below Jet & Above Jet & 
DISTANCE FROM JET CENTERLINE, FT 


Below Horizontal 


VELOGITY VECTOR DIRECTION, ANGULAR DEG 
> 


Fic. 6. ILLUSTRATIVE DIRECTION TRAVERSE ACROSS THE VER- 
TICAL DIAMETER OF AN ISOTHERMAL AIR JET DISCHARGING 
HorIzONTALLY FROM A 6-IN. NOzzLE 


Distance from outlet = 3.5 ft 
Average outlet velocity = 2500 fpm 


that despite apparent close magnitude symmetry, the true velocity-vector profile 
is not symmetrical. This observation is of broad significance. 

The dissymmetry of Fig. 6 originates in environmental influences upon jet- 
entrainment flow, e.g., differences in the surrounding air movement or positions 
of the confining surfaces. Nearly all practical ventilation jets are subject to 
dissymmetries of some sort, and a fundamental understanding requires complete 
velocity-vector data. 


CoNCLUSIONS 


The remote-reading V-wire direction probe has established itself as a useful 
instrument in A.S.H.V.E. room air distribution research. 

Complete experimental data require that directions be measured for vector 
quantities. 
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APPENDIX 


NoTE oN OTHER MEANS OF VELOCITY DIRECTION MEASUREMENT 


For completeness, mention of other instruments is appropriate. Todd* has given 
an excellent recent summary of aerodynamic instruments. The directional device 
described by him which employs the traversing of the wake behind a heated wire was 
tried for room air distribution research, but unfavorable complications caused it to be 
dropped in favor of the V-wire. 

For velocities in the range of easily-measured impact pressures, a cylindrical yaw 
probe (for two-dimensional flow) has been used. This has the form of a cylindrical 
tube with pressure-tap holes drilled at three positions on a circumferential arc. The 
two outer holes are located at + 50 deg from the center hole. The center hole will 
give the magnitude and direction of the velocity vector when the tube axis is perpendic- 
ular to the flow and when there is zero pressure-difference reading between the two 
outer holes. This principle has been extended to a three-dimensional design employing 
holes on a small sphere. 

For low velocities, say below 50 fpm, and also for obtaining a picture of room-air 
movement, smoke trails have been employed. Ammonium chloride has been a successful 
smoke for this purpose. With patient and careful work, using a darkened room and 
spotlights, smoke-trail directions at velocities as low as 10 fpm have been obtained. 
This technique remains for future reporting in detail. 
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RADIANT ENERGY EMISSION OF 
ATMOSPHERE AND GROUND 


A Design Factor in Heat Gain and Heat Loss 
By GrorcE V. PARMELEE* AND WARREN W. AUBELE**, CLEVELAND, OHIO 


This paper is the result of research carried on by THE AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS at its Re- 
search Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio. 


HROUGHOUT the day and night the exterior surface of a building con- 

tinuously emits radiation which, in this paper, will be termed low-tempera- 
ture, long-wave-length radiation. At the same time, it receives low-temperature, 
long-wave-length radiation from other buildings, from the ground and from 
the atmosphere. During the hours of day-light, the building surface also re- 
ceives solar radiation, part coming directly from the sun, and the balance 
diffusely from the sky, the ground and other building surfaces by virtue of the 
scattering and reflection of the direct rays of the sun. In recent years, much 
attention has been given to evaluating the effect of solar radiation on heat losses 
and heat gains. The purpose of this paper is to evaluate the significance of the 
effect of net exchange of low-temperature radiation between the exterior surface 
of a building section and its surroundings on the heat flow through the building 
section. The radiant energy emitted by a building surface is a function of its 
emissivity and its temperature. The radiant energy emitted by the outdoor sur- 
roundings, on the other hand, is dependent on the water vapor and carbon 
dioxide content and temperature of the atmosphere and the degree of cloudiness, 
as well as on the temperature and emissivity of the ground and other building 
surfaces seen by the surface under consideration. 

Presently used U values (overall coefficients of heat transfer) for building 
sections are based upon two assumptions: one, that the convective and radiation 
effects are additive and may be combined into a single outdoor film coefficient, . 
and two, that the outdoor surface is in low-temperature radiant energy exchange 


* Research Associate, A.S.H.V.E. Research Laboratory. Member of A.S.H.V.E. 
** Research Engineer, A.S.H.V.E. Research Laboratory. 


Presented at the 58th Annual Meeting of THe American Society or HEATING AND VENTILATING 
Eneorneers, St. Louis, Mo., January, 1952. 


85 


86 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


with a black body radiator which is at the temperature of the outdoor air. Simi- 
lar assumptions are usually made in calculating sol-air temperatures, though the 
low-temperature radiation effects often are ignored. 

It will be shown in this paper that the net exchange of low-temperature radia- 
tion is not necessarily in the same direction as the convective exchange between 
a building surface and the ambient outdoor air. It will also be shown that the 
outdoor surroundings by no means radiate as a black body at air temperature. 
These facts require that the present concept of U values and sol-air temperatures 
be re-examined. The authors have discussed this subject briefly in earlier re- 
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search papers, but are only now able to present a more complete discussion 
of the problem. 

In this paper, the radiation phenomenon is described in terms of the radiation 
emitted by the outdoor surroundings and that emitted by a building surface, 
rather than in terms of the net exchange. For example, under certain conditions, 
a building surface may receive from the outdoor surroundings 130 Btu per (hr) 
(sq ft), a quantity comparable in magnitude to solar radiation intensities. If 
this surface has an emissivity of 1.0 and is at a temperature of 130 F, as might 
be the case for a roof heated by the sun, it emits 211 Btu per (hr) (sq ft). The 
net exchange, of course is 81 Btu per (hr) (sq ft). 

By way of background, the radiant energy emission characteristics of the 
several elements involved in radiation exchanges are described in a general way 
in the following sections. 
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RADIANT ENERGY EMISSION 


The radiant energy emitted by a black body through a hemispherical envelope 
is given by the Stefan-Boltzmann equation thus: 
(e/a) = oT Btu per (ir) @a ft) (1) 
where 


¢ = the Stefan-Boltzmann constant, 0.173 X 10-* Btu per (hour) (square foot) 
(Fahrenheit degree absolute to the fourth power). 
T, = the temperature of the black body, Fahrenheit degrees absolute. 


Fig. 1 shows the spectral distribution of black body radiation at temperature 
levels encountered in air conditioning. Note the boundaries of the solar spec- 
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trum. Equation 1 gives the total area under these curves. For example, the 
radiant energy emitted by a black body at 32 F is 102 Btu per (hr) (sq ft). 

The energy emitted by non-black surfaces, such as the ground and building 
surfaces, is given thus: 


(q/a) = ecT,* Btu per (hr) (sqft) .......2.. =. (2) 
where 
e = the average spectral emissivity of the surface at temperature, 7s. 


The energy distribution of non-black radiators can be found by multiplying 
each ordinate of the spectral curve for a black radiator by the value of ¢ for that 
particular wave length. 

Emission and Absorption of the Atmosphere: The radiating constituents of 
the cloudless atmosphere, principally water vapor and carbon dioxide, emit in 
spectral bands as shown in Fig. 1. The cross-hatched areas show the regions 
of strongest emission (or absorption). The intensity of the radiation emitted at 
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any wave length is dependent upon the partial pressure of the constituent, its 
temperature and its thickness. Since the first two factors vary with elevation 
above the ground, the energy received at ground level is the sum of that emitted 
by the lowest layer of the atmosphere plus the radiation transmitted by this 
layer incident from layers at greater altitudes. If the temperature and moisture 
distribution in the atmosphere are known, the radiant energy from the sky can 
be calculated by a graphical method devised by Elsasser!, who has summarized 
the work in this field over the past half century. 

Both common experience and scientific investigation show the influence of 
clouds on the loss of heat by radiation from the earth. Whereas frost may form 


Fic. 3. View oF A.S.H.V.E. Con- 

VECTION - COMPENSATED RADIOMETER 

MouNTED ON PANEL OF SOLAR CALO- 
RIMETER 


on a clear still night with temperatures as high as 40 F due to radiative cooling 
of the ground and adjacent air layers, clouds will effectively reduce this heat 
loss and prevent frost. 


GROUND AND Its SURROUNDINGS 


While values of radiation received by horizontal surfaces will suffice for use 
in meterology, heating and cooling load estimates will require data on radiation 
received by surfaces which see both the sky and the ground. At night, the 
ground surface may be cooled below air temperature; during the day, it may be 
warmed by the sun. 


1 Exponent numerals refer to References. 


| 
3 
é 
J | 
- 
\ = 
# 
} 
| 
i 
| 
| 


RADIANT ENERGY EMISSION OF ATMOSPHERE AND GROUND, PARMELEE, ET AL 89 


The surface temperatures of buildings are likewise affected by the weather 
and also by internal heat sources and sinks, so that the radiant energy from 
ground and buildings will vary widely throughout the day. 


OBSERVATIONS OF RADIATION FROM OUTDOOR SURROUNDINGS 


The influence of low temperature radiant energy from the sky and ground 
surroundings received early recognition as an important factor in the investi- 
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gations carried on at Cleveland under the Technical Advisory Committee on 
Heat Flow Through Glasst. The difficulty of evaluating this component of 
heat exchange from experimental data, or by calculation, led to the construction 
of a convection-compensated radiometer. Although no attempt was made to 


secure systematic and continuous observations, sufficient data have been col- 


lected under different conditions to be of practical use. 
A.S.H.V.E. Convection Compensated Radiometer: An exploded view of the 
A.S.H.V.E. radiometer is shown in Fig. 2. The surface is a finned plate which 


+ Personnel: R. A. Miller, Chairman, A. B. Algren, W. J. Arner, A. H. Baker, F. L. Bishop, E. W. 
Conover, W. B. Ewing, J. E. Frazier, J. S. Herbert, D. R. Muir, F. W. Preston, C. A. Richardson, 
Vie Sanders, H. B. Vincent, J. R. Young. 
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is heated by a resistance wire continuous over the entire diameter to provide 
edge guarding. The temperature of the central or working area is measured by 
thermocouples. By making two successive observations with two different heat 
inputs, the convection loss can be eliminated by simultaneous equations and the 
incident radiation determined by the usual heat balance equation (See Appendix 
A). The back heat flow is minimized by a second heater. Actual back heat flow 
is measured by the heat meter. To reduce the influence of varying wind velocity, 
the instrument is provided with a small blower to force a jet of air parallel to 
the plane of the surface. The radiometer is usually shielded from the direct sun. 
The incident diffuse solar radiation is measured by an Eppley pyrheliometer and 
deducted from the measured total incident short-wave-length and long-wave- 
length radiation. 


Fig. 3 is a closeup of the radiometer and shows the blower and sun shield. 
The instrument is mounted on the panel of the calorimeter used to measure heat 
flow through glass. 


Horizontal Surfaces: Fig. 4 presents observed values of long-wave-length 
radiant energy emitted during daylight hours by cloudless skies to a horizontal 
surface, plotted against simultaneously recorded air temperatures. The incident 
solar radiation intensities, also recorded simultaneously, are not included in the 
plotted quantities. Fig. 5 shows several series of observations as a function of 
time. 


The dotted curves of Fig. 4 show the total hemispherical radiation emitted by 
a black body as a function of temperature. The intersection of a horizontal 
line drawn through any one of the test points with the black body curve gives 
the equivalent radiating temperature of the cloudless atmosphere. Within the 
limits of the data presented, this ranges from about —55 F to +65 F. The 
values are a function of dry bulb temperature. No particular difference between 
night-time and day-time values was observed. 


Fig. 4 also compares the A.S.H.V.E. observations with Brunt’s? analysis of 
the observations of W. H. Dines and L. H. G. Dines? made in England. Brunt 
has correlated the data of other observers. The Dines’ values, however, 
appear to be a better basis of comparison in that they are monthly means of sys- 
tematic observations extending over a period of about six years. Brunt shows?: 4 
that these and other observations of radiation emitted by the cloudless atmos- 
phere can be correlated with dew-point temperature by an empirical equation of 
the following form: 


where 


R = radiation received by a surface from the sky, Btu per (hour) (square foot). 
Reo = radiation received from a black body at air temperature, Btu per (hour) 
(square foot); (represented by the dotted line curves of Fig. 4). 
a, b = constants. 
P.» = water vapor pressure at ground level, inches mercury. 


With constants a and b as determined by Brunt from the Dines’ data, the 
radiation received by a horizontal surface, R,, is: 
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Elsasser® lists constants for observations made in different parts of the world. 
The average values, including the Dines’ constants are 0.50 and 0.34 respectively 
for constants a and b in Equation 3. 


Plots of Equation 4 are shown in Fig. 4 as solid curves for different dew 
points. The exact limits of temperature in the Dines’ observations are not 
known, but the solid curves probably are extrapolations in part. The A.S.H.V.E. 
data have been grouped in 10-deg intervals of dew point, to facilitate comparison. 
Agreement is rather good since the temperature and moisture distributions in the 
atmosphere are only approximately defined by the ground level dry bulb and 
dew-point temperatures. Though the correlation developed by Brunt has some 
limitations (see Elsasser*), Equation 4 appears to be useful as a working 
formula. 


It is convenient to express the radiation received by a horizontal surface from 
a clear sky as a fraction of black body radiation at air temperature, that is, 
R,/Ry- This fraction varies only with dew point’ according to Equation 4. 
The radiation may also be expressed as the difference, AR, between black body 
radiation at air temperature, and R. For horizontal surfaces, 


AR, = Roo — Ry = [1 — (5) 
where 


T. = outdoor air temperature, Fahrenheit degrees absolute. 


From the values given in Fig. 5, it can be shown that R,/R,, is about 0.60 
for a dew point of 29 F and from 0.75 to 0.84 on a day when the dew point was 
66 F. 


Effect of Clouds: Included in Fig. 5 are observations made when there was 
occasional light snowfall from a sky overcast with clouds sufficiently thin to 
permit determination of the sun’s position. The fraction R,/R,, varied from 
about 0.84 to 0.94. On other days, with overcast skies, the surroundings were 
to all practical purposes a black body radiator. Radiation from completely over- 
cast skies as measured by Dines* averaged about 96 percent of black body 
radiation. 

On hazy days there seemed to be a general tendency for radiation values to 
run somewhat higher than would be indicated by Equation 4. Observations of 
the sky through polarized glass on such days usually indicated the presence of 
formless clouds, sometimes referred to as fumulus. It is likely that these in- 
creased the values over clear sky radiation. Cirrus clouds, though extremely 
high and thin, also appeared to raise the radiation above clear sky values. 


A discussion of radiation received from partially overcast skies is valueless 
here because of the extreme variability. Some investigators, however, have 
found a correlation between cloud height and radiation received on completely 
overcast days. 


Inversions: The condition known as an inversion is, in part, the result of 
rather intense cooling of the ground and adjacent air layers by radiation to the 
sky during the night. This is promoted by an absence of vertical air movement, 
with the result that the air aloft is warmer than at the ground. One would 
expect, therefore, that the atmosphere would emit more radiation under such 
conditions than if a normal temperature gradient existed. This was confirmed 
by Wexler’. It is unlikely that the Brunt empirical equation applies to radiation 
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received from the atmosphere during inversions, since most of the Dines’ obser- 
vations were made during the day. 

Vertical Surfaces: Radiation received by vertical surfaces is illustrated by 
Fig. 6. Note that early in the morning and late in the afternoon the surroundings 
(sky and ground) emit considerably less radiation than a black body at air 
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temperature, while they emit as much or more near noon. This is attributed 
to solar heating during the day and radiative cooling near sunrise and sunset. 

The radiant energy received by a vertical surface from a clear atmosphere 
can be found through data obtained by W. H. and L. H. G. Dines*. The viewing 
field of their instrument was restricted to a cone angle of 15 deg, so that they 
made observations at 15-deg intervals from a zenith angle of 74% deg to 82% 
deg. Brunt determined from the Dines’ data the variation with zenith angle of 
a and b in Equation 3. By integration it is found that the radiation received 
by a vertical surface from a cloudless atmosphere is: 


Ry = Robo (0.30 + 0.165 V Py ), Btu per (hr) (sqft)... .. . (6) 


Subtraction of the calculated atmosphere contribution from the total long- 
wave-length radiation received by the vertical surface gives an estimate of the 
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ground and building surface contribution. Calculations made from the data of 
Fig. 6 give values which are shown in Fig. 7 and compared with the quarter 
spherical radiation emitted by a black body at air temperature (the angle factor 
of a vertical surface with respect to the ground is 0.5). The results, though 
showing considerable scatter due to accumulated errors, follow the expected 
trend. 

The Dines* made observations of radiation from a grass field during the 
course of their study of sky radiation. These were generally made in the after- 
noon and evening. Yearly averages of observations taken in the presence of 
overcast skies were equal to black body radiation values, while those made on 
clear days were slightly below. 

It is apparent that the ground contribution to the radiation received by ver- 
tical surfaces can be an extremely variable quantity because of differences in 
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ground cover, proximity of buildings and the variable sun effect on building 
surfaces. 


Inclined Surfaces: Radiation received by inclined surfaces is of importance 
in heat exchange calculations for roofs. Fig. 8 shows observations, made on 
cloudless days with the A.S.H.V.E. radiometer, plotted as ratios of radiation 
received by the inclined surface to that received by the horizontal. 

Yearly means of the Dines’’, observations of Brooks, Lorenzen and Boelter8, 
and of Ramdas, et al® are also plotted. All of these values were obtained by 
instruments which had restricted fields of view. 
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RADIATION EXCHANGE BETWEEN BUILDING SURFACES AND OUTDOOR 


Heat flow by convection and radiation to or from the indoor surface of a 
wall or roof is the resultant of convective and radiative exchanges and solar 
energy absorption which take place at the outdoor surface, and of heat storage 
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within the section. This heat balance, in time-rates of heat flow or heat storage } 
per unit surface area, is: 


Heat flow by convective Absorbed Radiative exchange between 
and radiative exchanges = solar + outdoor surface and outdoor 
at the indoor surface radiation surroundings 
Convective exchange between Heat storage 
+ outdoor surfaces and outdoor + within the ......... (7) 


air section 


| 


RADIANT ENERGY EMISSION OF ATMOSPHERE AND GROUND, PARMELEE, ET AL 97 


Expressed in symbols, Equation 7 becomes: 
(q/a) op r = asl — e (cT.4 — R) — heo (ts — to.) — S, Btu per (hr) (sq ft) . . (8) 
where 


absorptance of surface for solar radiation, dimensionless. 

emissivity of surface at temperature, ts, dimensionless. 

the Stefan-Boltzmann constant, 0.173 X 10-* Btu per (hour) (square 
foot) (Fahrenheit degree absolute to the fourth power). 

heo = outdoor convection conductance, Btu per (hour) (square foot) (Fahren- 
heit degree). 


I = total incident solar radiation, Btu per (hour) (square foot). 
R = low-temperature radiation received from outdoor surroundings, Btu per 
(hour) (square foot). 
S = rate of heat storage in section, Btu per (hour) (square foot). 
t, = temperature of outdoor surface of section, Fahrenheit degrees. 
t. = temperature of outdoor air, Fahrenheit degrees. 
T, = temperature of outdoor surface of section, Fahrenheit degrees, absolute. 


Sunlit Glass: It is convenient to consider the total rate of heat flow through 
glass as being composed of two components: (1), that due to transmitted solar 
radiation, and (2) that due to convection and radiation from the indoor surface. 
The first component has been the subject of other research papers!® 11, 12. 13 
and will not be discussed here. 


The effect of the exchange of low-temperature radiation between the glass and 
its surroundings on the rate of heat flow by convection and radiation to or from 
the indoors is dependent upon the magnitude of the other terms in Equation 8. 
Figs. 9, 10 and 11 give experimental determinations of these terms and pertinent 
temperature, wind, and solar radiation data for three types of glass of different 
absorptivities and heat capacities. The figures give curves of geT*, radiation 
emitted by the outdoor glass surface, and «R, low-temperature radiation from 
outdoor surroundings absorbed by this surface. The net radiation exchange’ 
therefore, equals the difference between these two curves. In the tests shown 
in Figs. 9 and 11, R was measured with the radiometer. For Fig. 10, R was 
computed by means of Equation 8, since the necessary data, including a, were 
known. ¢ was taken as 0.938. The term (q/a),,, was computed from measured 
temperatures by methods previously described.14 The term h,, was evaluated 
from independent experimental determinations. S was computed from heat 
capacity data and the temperature curves. 


In Fig. 9, for a sheet of patterned glass,1% the data for the morning run show 
that the loss in the radiation exchange was nearly constant until near noon and 
that it was about twice the convective heat loss. In the afternoon, the net ex- 
change was of considerably greater magnitude, amounting to as much as 40 
Btu per (hr) (sq ft), because the glass saw only the sky. Of interest is the 
intersection of glass and air temperature curves at about 4:45 p.m. At this 
point, the absorbed solar energy (about 35 percent of the total incident solar 
radiation) appeared only as convection and radiation gain by the calorimeter 
and as radiation loss t> the sky. Note that, before this time, a higher wind 
velocity would have decreased heat gain, but after this hour it would have’ 
increased the heat gain. 

Fig. 10 plotted from test data on two sheets of flat glass!! (sample No. 9) 
spaced at 14 in., shows that the radiation loss was from 2 to 3 times as great 
as the convection loss. 
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TasLe 1—HeEat BALANCE ON THREE RooF PANELS FOR A 24-Hour PEriop 
Values in Btu per (day) (square foot) 


Roor aNp Type No. ABSORBED Heat Flow CONVECTION 
SOLAR To Room TO OUTDOOR RADIATION 
RADIATION AIR EXCHANGE 
I 2in. concrete, black 

re 1610 120 970 520 
II 2 in. concrete, slag top... 1610 40 860 710 
III 2 in. pine, slag top....... 1610 35 1035 540 


In Fig. 11, it is seen that the radiation loss in the morning was practically 
zero, whereas in the afternoon it was about the same as the convection loss. 
The block in this panel is 12 in., Type I.1? 

These data show: (1) that radiation exchange is significant as compared 
with convective exchanges; (2) that it is not directly related to the convective 
exchange; and (3) it may be opposite in sign to the convective exchange. 


Sunlit Roofs: The significance of low-temperature radiation exchange as a 
means of dissipating solar energy absorbed by sunlit roofs can be demonstrated 
by calculations based upon test data on roof panels’ reported in 1940. The 
results of hourly heat balances computed for three roof sections and summed 
for a 24-hour period are given in Table 1. In making these calculations, it was 
assumed that 90 percent of the incident solar radiation was absorbed by each 
roof panel. The net heat storage for the 24-hour period was zero. The convec- 
tion coefficients selected included both wind and natural convection effects. 

The low temperature radiation exchange, that is, e(o7,4—R) from Equation 
8, equals the absorbed solar radiation minus the heat flow to the room minus 
the heat flow by convection to the outdoor air. The values of radiation exchange 
given in Table 1 must be regarded as approximations, since they include all 
of the errors attendant upon the assumptions necessary to the calculations, as 
well as experimental errors. The low temperature radiation exchange computed 
for clear sky conditions by means of Equation 4 would be of the order of 950 
Btu per (day) (sq ft). Since Weather Bureau and solar data show that the 


TaBLE 2—TEMPERATURE, ¢,, Heat Loss, q,,,, FOR OUTDOOR SURFACE OF 
BuILp1InGc SECTION 
70 F Indoor Temperature, Zero F Outdoor Air Temperature 


SuRFACE Roor WALL ANY 
Cloudless Sky Black Body at 
Radiation Source Cloudless Sky and Ground Air Temperature 
Radiation Absorbed 
by Surface (« = 0.9) 43.1 59.3 70.2 
Column A B c 
Reo dey ts dey r ts der ts 
0.10 0.5 8.7 —17.0 7.4 —4.0 6.4 + 5.6 
0.25 0.5 19.3 — 7.0 16.5 +4.0 14.4 +12.4 
0.10 4.0 7.4 — 43 7.2 —2.0 6.8 + 1.4 
0.25 4.0 18.0 — 2.0 17.2 +1.2 16.6 + 3.6 
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sky varied from clear to 0.9 cloud coverage (probably high thin cirrus), the 
roof losses must have been somewhat less than this amount. These calculations 
indicate that the radiation exchanges given in Table 1 are of the right order of 
magnitude. 

Considerable error results if calculations are made with the assumption that 
the clear atmosphere radiates as a black body at air temperature. The low- 
temperature radiation exchange so computed for a 24-hour period would amount 
to about 250 Btu per (day) (sq ft). Moreover, such calculations give substan- 
tially zero heat loss from the roofs between the hours of 9 p.m. to sunrise, because 
in this period, the roof temperatures were very nearly equal to the air tempera- 
ture. Actually, during this period, the roof sections were found to be losing 
heat by radiation at the rate of 5 to 20 Btu per (hr) (sq ft). It is apparent 
therefore, that when heat flow calculations are made, the radiation exchange 
with the outdoor surroundings is a significant boundary condition that must be 
properly evaluated. 

Steady State Heat Loss: Steady state and an absence of solar effects are 
conditions commonly used as a basis for heat loss calculations. Equation 9, 
a modification of Equation 8 in which (g/a),, is replaced by C’(t,; — t,), may 
be used to illustrate the role of radiation exchange in such calculations. C’ is 
the conductance of the building section, Btu per (hr) (sq ft) (F deg) from 
room temperature, t,, to the outdoor surface temperature, ¢,. 


C’ — te) = e (0 Tet — R) + hoo (lo — to) (9) 


The results of graphical solutions for t, and the heat loss, C’ (t; —¢,), for 
various conditions appear in Table 2 for 70 F indoor temperature and zero F 
outdoor temperature. Column A gives surface temperature and heat flow data 
for roofs which see only a cloudless sky. Column B gives similar data for a 
vertical surface which sees a cloudless sky and also the ground which, in this 
example, is assumed to radiate as a black body at air temperature. The data 
shown in column C apply to any surface which is irradiated by surroundings 
which radiate as a black body at air temperature. This is the usual condition 
assumed in heat loss calculations and, as indicated earlier in this paper, closely 
applies when the sky is overcast. The convection conductance of 0.5 Btu per 
(hr) (sq ft) (F deg) is applicable to still nights, which frequently occur when 
the sky is clear, while the value of 4.0 is applicable to fairly windy weather. 


It may be seen from a comparison of values in Columns A and C of Table 2 
that when the convection conductance is 0.5 and the sky is cloudless, the heat 
loss from a roof is about 35 percent greater than when surroundings radiate 
as a black body at air temperature [(8.7 — 6.4) /6.4] X 100. Under the same 
conditions, the loss from a wall is about 15 percent greater. These percentages 
are of the order of about 5 percent when the convection is 4.0. It should be 
noted that the outdoor surface temperature is well below that of the ambient 
air when the sky is clear and the air calm, particularly when the building section 
is well insulated. It will be noted that on clear nights, an increase in the con- © 
vection conductance actually decreases heat loss if the section is well insulated. 


Examples for glass sections have been given in a recent research paper.1® 


Similar calculations for a 40 F outdoor temperature indicate that the differ- 
ence between heat losses when the sky is clear and when it is overcast is ap- 
proximately constant regardless of the indoor-outdoor temperature differential. 
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It is assumed that the convection conductance is the same in both cases. For 
example, for a roof with C’ = 0.10 and h,, equal to 0.5, the heat-loss q,, is 4.8 
Btu per (hr) (sq ft) if the sky is cloudless and 2.8 if the sky is overcast. The 
difference of 2.0 is within 15 percent of the difference between 8.7 and 6.4, 
which are values from Table 2 for zero outdoor air temperature. 

The influence of radiation on heat loss just illustrated appears to have some 
verification in field experience. Pollock!’, in describing the results of research 
in a residence in California, stated that at night the temperatures of the outdoor 
surfaces of walls and roofs were observed to fall as much as 3 and 13 deg 
respectively below the outdoor air temperature. 

It was also found that the Btu loss per hour per degree difference between 
indoor and outdoor temperatures varied widely, and that, for any given tem- 
perature differential between indoors and outdoors of 15 deg or more, there 
was a nearly constant difference between the maximum and minimum heat 
requirements. This constant difference appeared to be influenced by something 
other than the temperature differential between indoors and outdoors and was 
attributed to differences in radiation losses. Some verification of this was found 
in a fairly good correlation between cloudiness and hourly heat loss per degree 
of temperature difference. 


RADIATION EXCHANGE IN DeEsIGN CALCULATIONS 


Equivalent Surface Conductance for Radiation: The possibility of handling 
radiation exchange by an equivalent surface conductance, h,, based on surface- 
to-air temperature difference merits consideration. This conductance, added 
directly to the convection conductance, h,,, gives a combined conductance h, , 
as follows: 


he, = heo + hy = heo + [es R)/(ts to)] (10) 


The equivalent radiation conductance can be calculated from data given in 
Figs. 9, 10 and 11. For example, in Fig. 9 at 8 a.m., the glass temperature is 
92.5 F and the air temperature is 83.5 F, giving a surface-to-air temperature 
difference of 9.0 deg. At the same hour, the radiant energy emitted by the glass 
is 151.5 Btu per (hr) (sq ft) and that which is absorbed by the glass from the 
atmosphere (exclusive of solar radiation) is 136.0, giving a loss of 15.5 in the 
exchanges. Then, h, equals 15.5/9.0 or 1.72 Btu per (hr) (sq ft) (F deg). 
In Fig. 9 the average value of h, for the morning run is 1.75 Btu per (hr) 
(sq ft) (F deg). For the afternoon period, the average is 4.95 up to 4 p.m., 
infinity at 4:45 p.m., and negative thereafter. For the test illustrated by Fig. 8, 
the average value was 3.20. For the test data shown in Fig. 9, it was practically 
zero in the morning and about 1.30 in the afternoon. 

It is apparent that the value is extremely variable, and that it may be nega- 
tive as well as positive. Moreover, it can be evaluated only with previous 
knowledge of the building surface temperature. Therefore, some serious difficul- 
ties are encountered in attempting to combine a radiation conductance with con- 
vection conductance. 

Sol-Air Temperature: The computation of periodic heat flow through a wall 
or roof subject to diurnal variations in air temperature and solar radiation is 
considerably simplified when all radiation effects are combined with the air 
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temperature in a modified form of the sol-air temperature.18 This temperature 
is: 


= ([al + — Hho... (11) 


And the instantaneous rate of heat entry into the weather surface of a building 
section becomes: 


= kh, — Btw per Gr) . (12) 


Unfortunately, the surface temperature, ¢,, is not known, so that Equation 11 
cannot be evaluated directly. This can be overcome by the following method: 

Fig. 4 shows that, for horizontal surfaces, the difference AR, between the 
black body radiation curve and any one of the solid curves representing R, 
is approximately constant over the usual variation in diurnal air temperature. 
If a radiation coefficient, h,’, involving the air and surface temperatures be 
defined as follows: 


hy’ = [e, (74 — — bo). (13) 
A second modification of the sol-air temperature then is: 
= —eA R)/(ho + tt... (14) 


The corresponding instantaneous rate of heat entry into the weather surface 
of a building section is: 


q/A = (heo + hr’) (te’’ — te) Btu per (hr) (sqft)... ... (15) 


This method of handling radiation exchange was used by Alford, Ryan and 
Urban.!® It is suggested that a value of h,’ be selected corresponding to the 
period when the surface temperature is near the maximum. The data given in 
Fig. 6 for vertical surfaces show that ARy is of the order of 15 Btu per (hr) 
(sq ft) except near noon. This value will vary with the character of the sur- 
roundings. 

The influence of AR on periodic heat flow through a roof can now be examined 
without recourse to analysis of experimental data as was done in a previous 
section. From Tue Guipe 1951, p. 273, the sol-air temperature for a horizontal 
roof in a clear atmosphere for a 24-hour period is 109.1 F. This was based 
upon a/h,, = Y%. For a 60 F dew point and about 80 F 24-hour average dry 
bulb temperature, AR=40 Btu per (hr) (sq ft). If @ be taken as 1.0, h,, 
+h,’ as 4.0 and e as 0.90, the modified sol-air temperature, ¢t,”, is 100.1 F. 
If the indoor air temperature is maintained at 78 F throughout the period, the 
heat gain will be only 70 percent of that calculated by use of the 109.1 F sol-air 
temperature. 

If U, the overall coefficient of heat transmission, is based upon h,, +h,’ and 
the appropriate indoor surface conductance, the modified sol-air temperature 
defined by Equation 14 can be used to calculate heat flow through thin sheet 
material of little or no heat capacity. In this case, g,,-=U (t,” —t#,). In 
steady state heat flow calculations, ¢,” can also be used in the same way by 
omitting a@ I. 

It should be noted that while at night a J is zero, AR is zero only when the 
outdoor surroundings radiate as a black body at air temperature. It has been 
shown that this is approximately true for any surface when the sky is completely 
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overcast. Only under this condition does the usual calculation, U (t, — t,) 
equal U (t,” —#,). Under other conditions AR may be positive or negative 
so that ordinarily U (t,—t,) does not equal U (#,”—t,). 


CoNCLUSIONS 


1. The exchange of low temperature radiation between exterior surfaces of buildings 
and outdoor surroundings has been illustrated by experimental data and by examples. 
The significance of this exchange in heat loss and heat gain calculations, as compared 
with convective exchanges, varies with surface orientation, clearness of the sky, dry 
bulb and dew-point temperature of the air, and wind velocity. 


2. This radiant exchange cannot be treated by use of an equivalent surface con- 
ductance, but can be dealt with by a modification of the well-known sol-air temperature 
concept. 


3. Measurements which were made of low temperature radiation received from clear 
skies by a horizontal surface were found to be in good agreement with the following 
simple equation : 


Rn = Robo (0.55 + 0.338 Pw ) 


in which Ry is the radiation received by the surface from the sky, Btu per (hr) (sq ft), 
Rvo is the radiation that would be received from a black body at air temperature, Btu 
per (hr) (sq ft) and Pw equals the water vapor pressure at ground level, inches of 
mercury. It is suggested that this equation be used in design calculations pending 
further investigation of its applicability to various geographical locations. 


4. Examples of measurements of low temperature radiation received by vertical and 
inclined surfaces have been given. Because of the variability of ground surroundings 
from one location to another, additional observations are needed to establish the 
approximate magnitudes and range in this value for design use. 


5. When the sky is completely overcast with a low thick cloud cover, the radiant 
energy emission of atmosphere and ground very closely approximates that of a black 
body at air temperature. 


6. Correlation of the low temperature radiant energy emission of outdoor surround- 
ings is needed with other weather design factors, such as cloudiness, solar radiation, 
dry bulb temperature and wind velocity. 
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APPENDIX A 


The low-temperature radiation is calculated from readings obtained with the convec- 
tion-compensated radiometer by means of the following heat balance equations. 
Subscripts a and b refer to data corresponding to the low and the high heat inputs 
respectively. All terms of the equations are in Btu per hour per square foot of 
radiometer surface: 
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eR+arl, + Qa = Ne (tra = toa) teRatZe..... (A-1) 
+ QO = he (tr — top) +eRan til, ..... (A-2) 
where 
a, = absorptivity of the radiometer surface for solar radiation. 
e; = emissivity = absorptivity of radiometer surface for low-temperature 
radiation. 
h. = convective conductance, Btu per (hour) (square foot) (Fahrenheit degree). 
I,, Jy = incident solar radiation, Btu per (hour) (square foot). 
L,, Ly» = back losses from radiometer, Btu per (hour) (square foot). 
Qs, Q» = electrical heat input to radiometer, Btu per (hour) (square foot). 
R = low-temperature radiation emitted by the surroundings seen by the 
radiometer, Btu per (hour) (square foot). 
Rra, Rr» = radiation emitted by a black body at temperatures ¢;, and ¢;, respectively, 


Btu per (hour) (square foot). 
toa, fo» = ambient air temperature, Fahrenheit degrees. 
tra, tr» = temperature of radiometer, Fahrenheit degrees. 


It is assumed that ar = er and that R and h- do not change during the interval in 
which the two sets of readings are made, a matter of 10 to 15 min. The unknown 
value of Ae is eliminated by solving the two equations simultaneously so that: 


where 


trp lob 
ies i/ tra loa ) 

The value of Y is dependent upon the values of Q, and Q», ranging from 0.1 to 0.4. 
Calibration of the radiometer showed that e, was of the order of 0.98 and since a small 
error in e has a smaller effect on FR, er was taken as unity for calculation purposes. 
The principal observations were measurements of J, Q, L, tr and the temperature 
differential tr — to. The latter was an average of ten readings taken at 10 sec. intervals 
in order to minimize the effect of air temperature and wind velocity fluctuations. 


DISCUSSION 


C. O. Mackey, Ithaca, N. Y. (Written): The information contained in this paper 
permits a refinement in the concept and use of sol-air temperature. The authors have 
noted this fact, but it may be useful to expand the discussion. The concept of sol-air 
temperature has been used in estimating the rate of heat transfer through building 
materials that do not transmit, directly, any of the incident solar radiation. In the early 
definitions and use of sol-air temperature, the exchange of low temperature radiant 
energy between the weather surface of a structure and its outdoor surroundings was 
ignored. It now becomes important to determine how best to fit our increased 
knowledge of this energy interchange into the sol-air temperature concept. 

Sol-air temperature may be defined as the temperature assumed by a surface in 
energy exchange relationship with the sun, sky, and outdoor surroundings but perfectly 
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insulated against transfer of heat at the four edges and the reverse face. With care, 
it is possible to build an instrument, the sol-air thermometer, which reads sol-air 
temperature. A building surface does not assume the sol-air temperature because it 
is not perfectly insulated against the transfer of heat away from the weather surface. 
The energy balance that defines sol-air temperature is 


al 
It is possible to define a radiation coefficient hr as 


eo (7,4 — T,4) 


h; = . (2) 
From these equations, the sol-air temperature is 
on 
8) 


Neo + hy 
The rate of entry of heat into the weatherside of a building material exposed to the 
same sun, sky and outdoor surroundings as the sol-air thermometer is 


al +e (R — cTi!) + hoo (lo — tt) 


An equivalent temperature may be defined such that the rate of entry of heat into 
the weather side of the building material is 


(leo + he!) (te — tr) 
where 
ly . (6) 
and 


+ 


Because 7, and 7, are not exactly equal, it is true that hy’ may be slightly different 
in value from hy. This difference, however,—will usually be negligible, and the sol-air 
temperature found with a sol-air thermometer and defined as in Equation 3 may be 
used to predict the rate of entry of heat into the weather side of a structure. 


Both the true-weather side convection coefficient of heat transfer feo and the artificial 
radiation coefficient hr vary from hour to hour. Based upon some test results, Roux, 
Vissar, and Minnaar* conclude that the sum of these two coefficients appears to remain 
nearly constant. They say that from the physical point of view it means that, when a 
wall surface is exposed to an outdoor environment, a change in the convection heat 
transfer coefficient, which is caused by a change in wind velocity, will be associated 
with an equal and opposite change in the artificial radiation coefficient. They also 
conclude that, for the climatic conditions prevailing in South Africa, heo +h, may be 
taken constant and equal to 3.5 Btu per (hr) (sq ft) (Fahrenheit degree) for analysis 
of periodic heat flow. 


* Paper DR9, National Building Research Institute, South African Council for Scientific and 
Industrial Research. 
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AutuHors’ Closure: The authors appreciate Professor Mackey’s expansion of their 
discussion of the application of radiant energy exchange to the sol-air temperature con- 
cept. They are in general agreement that Professor Mackey’s Equation 3 for the sol-air 
thermometer, which equation includes the low temperature radiation exchange, is 
sufficiently close to Equation 7 that it may be used to predict the rate of heat entry 
into the weather surface of a structure. 

Professor Mackey points out that Roux, Vissar and Minnaar conclude that the sum 
of h. and h; remains substantially constant throughout the day. This conclusion should 
not be applied to Meo and Ay as used in Equations 3 and 7 of Professor Mackey’s 
discussion, since Professor Mackey and the authors define hr differently than do Roux, 
et al. hk, as defined by Roux, et al, is the net radiant energy exchange between the 
exterior surface of a building and the outdoor environment divided by the temperature 
difference between surface and outdoor air. Therefore, as indicated in the paper, h, 
may be positive or negative, whereas hf, and h,’ as defined by Professor Mackey (and 
by the authors) are always positive. The authors are of the opinion, that, had they 
made a study of periodic heat flow through roofs as well as through walls, Dr. Roux 
and his associates would have reached a quite different conclusion regarding the 
constancy of the sum of A,r, as they define it, and Ae. 
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ISOTHERMAL VENTILATION-JET FUNDAMENTALS 


By H. B. Notrace*, J. G. Stasy}, anp W. P. Goyszaf 
CLEVELAND, OH10 


This paper is the result of research carried on by THE AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS at its Re- 
search Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio. 


HERE IS a dearth of fundamental data on room air distribution. Needed 

research! has been carefully appraised by the Technical Advisory Committee 
on Air Distribution},'and a long-range program has been recommended. Ob- 
jectives of this general program are: (1) to establish improved engineering 
design data and fundamental understanding for practical room-air distribution 
problems, emphasizing the role of buoyant forces arising from non-isothermal 
conditions, and treating the size and arrangement of the confining space as 
major variables, (2) to develop instrumentation and techniques for obtaining 
reliable data, wherever necessary to efficient experimental operation. 


Score oF Tu1s REPORT 


This paper, one of a series, is limited to fundamental findings from an experi- 
mental study of isothermal ventilation jets projected horizontally into a large 
confining space. The test space, located at the A.S.H.V.E. Research Laboratory, 
is shown in Fig. 1. The jet outlet was a 6-in. long-radius A.S.M.E.-standard 
nozzle. Prime interest was in analyzing the air movement within a confining 
space, and the outlet was kept unchanged. Test data covered mean outlet veloci- 


* Research Associate, A.S.H.V.E. Research Laboratory. Member of A.S.H.V.E. 

+ Research Engineer, A.S.H.V.E. Research Laboratory. 

1 Exponent numerals refer to References. 

t Personnel: G. B. Priester, Chairman; H. F. Brinen, R. M. Conner, S. H. Downs, Linn Helander, 
F. B. Holgate, W. O. Huebner, W. W. Kennedy, R. D. Madison, G. E. McElroy, L. G. Miller, H. 

. Pierce, C. H. Randolph, T. H. Troller, R. D. Tutt, G. L. Tuve. 

Presented at the 58th Annual Meeting of Tue American Society oF HEATING AND VENTILATING 
Enorneers, St. Louis, January, 1952. 
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ties ranging from 100 to 6000 fpm, corrected to standard air having a density 
0.075 Ib per cu ft. 


EXPERIMENTAL PROCEDURE 


Isothermal conditions were established very carefully, such that the jet and 
mean-room temperatures always were the same within +1.5 deg. During the 
winter, this required a specially sensitive control of the heating system. During 
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the summer, the jet-air temperature was continually adjusted to follow the daily 
cycle of room-air temperature. 

A chilled-water system with a coil in the air supply chamber was used to 
regulate the jet-air temperature. This is shown in Fig. 2. Combined adjust- 
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ments of the thermostat in the intermediate water-storage tank and of the water- 
flow valve were employed, on the basis of experience and judgment, to maintain 
any desired jet temperature. 

Minimizing natural air currents in the test space was very important. Win- 
dows were shielded, doors were closed, and room activity was held to a minimum 
during a test. Reproducible results otherwise could not be obtained. 

Once a test condition was established, the entire jet region was traversed very 
thoroughly to establish the magnitude and direction of the velocity vectors. 
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Direction data were obtained in two ways. At velocities above roughly 50 
fpm, a direction probe was employed, as reported elsewhere.? For the lowest 
velocities, smoke filaments were employed, in a technique which remains to be 
reported. 

Velocity magnitudes were established by the appropriate use of: (1) Pitot 
tubes, characterized in Fig. 3, (2) Kiel probes, characterized in Fig. 4, and (3) 
special heated-thermocouple anemometers, described previously. 

Traversing equipment is shown in Fig. 5. The stand in the foreground was 
used for vertical traverses and the pole on the cart in the background for hori- 
zontal traverses. 
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The majority of the velocity data were taken with the anemometers, moving 
the instruments along a selected path and obtaining a corresponding emf record 
on an automatic recording potentiometer. Individual traverses were repeated two 
to eight times to insure reliable averages. 


EXPERIMENTAL RESULTS 


The first operation was to establish the jet boundaries as summarized in 
Figs. 6 to 9, inclusive. Boundaries were defined as surfaces of zero velocity 
component in the direction of the jet axis and were determined from velocity- 
direction data. 

Cross-jet surveys were conducted to establish the complete boundary contour. 
In the region near the outlet where the jet expansion was linear, these contours 
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were circles. In the region where the jet was influenced by the confining sur- 
faces, these contours were very closely elliptical, and they were treated as ellipses 
for purposes of analyzing the flow. 

The complete velocity field for each condition was specified in terms of three 
sets of data, namely: (1) the outlet velocity pattern, (2) the variation of maxi- 
mum velocity with distance from the outlet, and (3) cross-jet velocity profiles. 
Figs. 10-17 inclusive summarize the data. The abscissa of the profiles is 


where 


R = radial distance from the axis, feet. 
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x = distance from the outlet, feet. 
a = distance of the apparent point source upstream from the outlet, feet. 


The velocities reported in the cross-jet profiles were taken along lines per- 
pendicular to the jet axis, and all velocities are given as components in the axial 


Fic. 5. EogurpMent Usep 1N TRAVERSING THE FLOW 
REGION 


direction. These components were obtained from measurements of the magni- 
tude and direction of the resultant-velocity vectors. 
Magnitudes of a and of the initial jet expansion angle are listed in Table 1. 


CALCULATIONS 


The equations covering the various calculations have been placed in the. 
Appendix. The calculations made are listed in the following: 


Jet-Flow Rate. Results are summarized in Fig. 18, where W is the jet-flow rate at 
distance x from the outlet, and WW. is the outlet flow rate, pounds per minute. 

Impulse Force or Momentum-Flow Rate. The total rate of flow of momentum 
through an area in a fluid stream is equivalent to the so-called momentum impulse 
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force acting on the area. Determinations are summarized in Fig. 19, where F 
is the momentum impulse force at distance x and Fo is the outlet momentum 
impulse force, pounds. 


Jet-Boundary Shear Stress. The condition of no external forces acting to oppose 
the axial motion of the jet corresponds to F/F.=1 in Fig. 19. This is a customary 
postulate in jet theory, shown to be of limited validity by the present data. Opposing 
forces may arise from pressure gradients or shear stresses. Careful study of the 
present case has established the conclusion that shear dominates. The perimeter- 
average shear stress opposing the flow is shown in Fig. 20, where 7» is the axial- 
direction shear stress on the jet boundary, pounds per square foot, and (pU?).,x is 
the momentum impulse force per unit area along the jet axis, pounds per square foot, 
which will be presented subsequently. For the two lowest outlet velocities, the curves 
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are joined to a computed point at x/D,=0 for a laminar boundary layer over the 
nozzle surface. 


Shear-Stress Profiles. Shear stresses are important for a quantitative appraisal of 
room-air distribution phenomena. Fig. 21 is a sample of shear-stress profiles computed 
from a combination of theory{ and the jet-edge shear stresses of Fig. 20. The shear 
stresses, 7, shown in Fig. 21 result from: (1) the mean-flow rate of momentum 
transport across surfaces parallel to the jet axis, (2) turbulence,-and (3) laminar 
shear. The mean-flow shear stress is (pVV), where V is the radial-component mean 
velocity. The laminar shear is established from the fluid viscosity and the velocity 
gradient. The turbulent shear is of basic interest as a stress characterized by the 
prevailing flow conditions, and is to be evaluated only by experiment. 


t The theory referred to here is the so-called boundary layer theory which has been highly developed 
in aerodynamic analyses. The details are mathematical and it is contemplated that they will be 
published later, perhaps in a Research Bulletin. 


| 
| 
| 
| 
| | 


OUTLET & IN FEET 


orgvauen 


DISTANCE FROM OUTLET IN FEET 


ISOTHERMAL VENTILATION-JET FUNDAMENTALS, BY NOTTAGE, SLABy, GojszA 115 


— 
YY 
3 
— + 
ELEVATION VIEW | > N 
6000 ond 2500 tom = 
6 ore some ot & € 60 | 


20 
V V-Wire Probe 
z Smoke - 6000 4 
= 
= 
PLAN VIEW 
24716000 ond 2500 tom 
ore some ot t €90 
I 
16 24 32 30 a8 36 64 72 80 68 96 104 120 128 6 144 
&’ DISTANCE FROM OUTLET IN DIAMETERS 
° - 8 12 6 * 20 24 48 52 56 60 64 68 72 


26 32 6 4 
«1, DISTANCE FROM OUTLET IN FEET 


Fic. 9. PLAN AND ELEVATION ViEWS OF JET BOUNDARIES FOR AN ISOTHERMAL 
Jet at 6000 anv 2500 rpm MEAN OUTLET VELOCITIES 


Eddy Viscosity. The eddy viscosity is useful as a means of expressing the turbulent 
shear stress. Eddy viscosities are computed from Equation 2, 


where 


eddy viscosity in feet squared per second or feet squared per minute 
Kinematic viscosity of the fluid in the same units 


< 


Magnitudes of ¢, if representable by a simple empirical formula, are very 
useful in fundamental mathematical theory. The theory cannot be developed 
without some means of representing the turbulent shear stress, and ¢ serves the 
purpose well. 

Fig. 22 shows sample magnitudes of (e+ v)/vstq Where 16.3 X 105 
(ft)?/(sec), which is representative of test conditions. These data, for 100 
and 350 fpm mean outlet velocities, cover only the lower limits of the test 
work,15 
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The present results for « have been found to fit the empirical formula, 


e/(Ue/eo)av, = 0.542n + 79.0m? — 429yF +... . . . (8) 
where 


e = eddy viscosity, square feet per second. 
(Ue/e0) av, 0 = average velocity over the outlet area, fpm. 


The range for Equation 3 is 
100 < (Ue/e) av, o < 6000 fpm. 
0<7< 0.14. 
0 < x/D, < limit of axial velocity data in Fig. 11. 


There exists a slight and consistent trend of « with x/D, which has been 
neglected in Equation 3. The scatter of the test points about the line of Equa- 
tion 3 is within +15 percent which scatter includes the influence of +/D,. The 
fact that the data can be expressed by Equation 3 over such a wide range of 
test conditions is, in itself, a demonstration that the turbulent-shear phenomena 
have a regularity of behavior which encourages further studies. 


DISCUSSION AND SUMMARY OF RESULTS 


Flow Behavior: The velocity data reported are best-estimate time-mean quan- 
tities. The air movement itself was carefully observed through many hours 
spent in watching smoke filaments. The flow was locally reproducible only in 
the statistical sense that most probable time-mean characteristics were evident. 
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The data, however, were thoroughly checked and rechecked to establish the final 
results presented. 

Room-air movement is replete with local eddies, vortices, surges, and back 
and forth wanderings of particle flow paths. These are manifestations of un- 
balance in the forces acting within the fluid. These internal forces govern the 
motion, yet they are extremely delicate. Fig. 23 emphasizes the point, showing 
magnitudes of the momentum impulse force per unit area along the jet axis, 
which quantity is also the ordinate denominator in Figs. 20 and 21. Any local 
influence which produces a disturbing stress of a magnitude which is significant 
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relative to the stresses of Fig. 23 will impede or distort the flow. This sensitive 
susceptibility to disturbances needs to be carefully appreciated. 


Points for practical emphasis are: 


1. Air motion in practical room-air distribution cannot be expected to be a smooth 
streamline flow. Local flow irregularities could influence comfort sensations from 
exposed skin surfaces and also could be important in convective heat exchange at 
room surfaces. 

2. Field data on air velocities in practical room air distribution may be misleading 
because of local flow irregularities; t.¢e., supposed time-mean readings will involve 
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instrument response characteristics which commonly are not known. Also, the nearby 
presence of an observer or any moving object when field data are being taken is 
liable to be a source of irregular flow behavior. 


3. Velocity data which give only magnitudes are incomplete, for velocity is a vector 
quantity which has both direction and magnitude. 


4. Temperature differences of as low as 2 to 5 deg can produce density-difference 
stresses which, at low velocities, are significant relative to the other stresses within the 
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TaBLE 1—JetT ExpANSION ANGLES AND UPSTREAM DISTANCES OF THE 
APPARENT Point SOURCE 


AVG., 0, FPM a/Do No DEGREES 
100 3.10 0.1623 18.4 
350 2.60 1897 21.5 
500 2.60 .1897 21.5 
1000 2.85 .1754 19.9 
2500 2.90 1725 19.6 
6000 2.90 .1725 19.6 


a x 


n = R/(x + a) = Tan 6/2. 
no refers to regions of linear jet expansion. 


fluid and thus can distort the motion. (This remains to be brought out further in 
future considerations of non-isothermal flow.) 


Jet Velocity Field: The complete axial-direction velocity field has been speci- 
fied in terms of four sets of data, (1) boundary contours, (2) axial velocities 
and axis positions, (3) outlet characteristics, and (4) cross-jet velocity profiles. 

Boundary Contours: The boundary envelope of the jet flow has been estab- 
lished as the surface in space on which the mean-velocity component in the 
direction of the jet axis is zero. An entrainment velocity, which may be inward 
or outward, exists in the radial direction over this boundary surface. 

The practice of establishing jet-flow contours on the basis of velocity-vector 
directions is proposed for general practical use. 

Axial Velocities and Axis Positions: The jet axis was taken as the line of 
maximum velocity with increasing distance from the outlet. With isothermal 
flow, the axis was a straight line perpendicular to the center of the outlet plane. 
If the room ceiling had been closer to the outlet, a straight-line axis would not 
have been expected. 

All quantities in any plane perpendicular to the jet axis have been referred 
to conditions on the axis. This is believed to aid the condensed and systematic 
presentation of the data. 

The clear influence of the mean outlet velocity upon the axial-velocity varia- 
tion, as shown in Fig. 11, has not been previously established over the complete 
velocity range tested. This influence is basically tied to the relative change of 
the stresses acting within the flow. Reference to Fig. 23 keynotes the large stress 
range involved. 

A comparison with representative axial-velocity data from the literature is 
given as Fig. 24. This lends support to the present results. The general order- 
of-magnitude agreement for the higher outlet velocities between all experiments 
indicates that the presence of confining surfaces, within the range covered by the 
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data, has no significant effect upon the axial-velocity variation. This, in par- 
ticular, is an important practical-application deduction. 

Outlet Characteristics: The outlet is important in establishing the initial 
velocity distribution. The data summarized in Fig. 10 are recommended as the 
most useful characteristics of the outlet flow. (Including the axial velocity 
ratio at x/D, = 1 will aid logarithmic plotting as in Fig. 11.) The differences 
between various outlets could be clearly appraised in terms of the curves given 
in Fig. 10, and this is suggested for practical-application use. The role of the 
ordinate ratios of Fig. 10 will be seen when referring to the equations in the 
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Appendix. The discharge coefficient is included for use as might be appropriate 
in practical problems. 

Cross-Jet Velocity Profiles: The test points in Figs. 12-17 are compared with 
the theoretical profile of Tollmien* and also with the error-function profilet, 
which represent typical assumptions reported in the literature. Neither one is 
satisfactory in the present case, and the matter of finding a simple analytical 
expression to fit the test data was abandoned. The experimental profiles were 
used directly in all calculations. This is emphasized as having been essential 
to accurate practical interpretations. 

In the present tests, the cross-jet profiles were found to be symmetrical about 


7 The equation of the error-function profile is 
— 
= 


where C is obtained by fitting the curve to the test data. In theory C is twice the mean value of 12. 
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the axis as long as definite jet boundaries existed. This need not have been 
the case if, for example, the ceiling had been closer to the jet axis. 

The profiles were continuous into the reverse-flow region, but quantitative 
analysis was not attempted beyond the jet boundaries. 

In closing these comments on the jet-velocity field, it is to be noted that the 
data as presented allow the axial-direction velocity to be established for any 
point within the boundary envelope. With the velocity-direction profiles, which 
have not been included in this paper for reason of space economy?5, the com- 
plete velocity-vector field is defined. This complete coverage of the jet region 
allows any desired additional calculations or comparisons to be made. 

Jet Flow Rate: The curves of Fig. 18 are nearly linear up to +/D,= 30. 
The location of the 6000 fpm line slightly below the 500 fpm line is believed to 
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result from a starving of the higher velocity jet by the presence of the room 
surfaces. The negative entrainment rates are consistent with smoke-filament 
observations; the actual magnitudes encountered at the higher velocities are 
believed related to the space configuration. The confining surfaces, however, 
had no detectable influence at 100 fpm, and only a small effect for 350 and 500 
fpm mean outlet velocities. The curve for laminar flow at 100 fpm is shown 
to indicate a lower limit. 

One practical consequence of these results is to show the limitation on the 
validity of an assumption that the jet flow rate would increase linearly with 
distance from the outlet. 

Perimeter-mean entrainment velocities may be computed!5 from the curves 
of Fig. 18. Using these entrainment velocities, it can be shown that the differ- 
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ence in static pressure between the jet boundary and a position in the surround- 
ings where the air is at rest is a definite but very small magnitude. The expres- 
sion for this pressure difference, APg, pounds per square foot, is 
APs 
(eU)e, x 
where (pU*)c,x is the momentum impulse force per unit area along the jet axis, 
pounds per square foot, from Fig. 23. 

Momentum Impulse Force: The results of Fig. 19 discredit the frequent 
assumption that the momentum impulse force remains constant along a jet 
trajectory. Changes in the confining surfaces presumably would alter the curves 
for the higher velocities at roughly +/D,> 30, but, closer to the oulet, the drop 
in the lower-velocity curves is believed to reflect the action of fluid stresses 
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opposing the motion and largely independent of the size of the surrounding 
space. 

According to theory, a 1:1 slope of the axial-velocity curves of Fig. 11 is 
predictable for the condition F/F,= 1. The data, however, show very nearly 
a 1:1 slope with F/F, not equal to 1, which is a partial refutation of the theory. 
A practical observation is that overgeneralization from limited data or approxi- 
mate theory should be guarded against. 

Shear Stresses and Eddy Viscosities: It is strongly recommended that internal 
fluid stresses be recognized® in appraising practical ventilation problems. The 
present studies merely are a beginning toward quantitative interpretation. The 
long-range development of confining-surface influence will require many further 
data and stress evaluations for fundamental understanding. 

If «= 0, the flow is laminar. It is extremely doubtful that laminar movement 
should prevail throughout a ventilated space. At 100 fpm, for instance, the flow 
becomes increasingly turbulent in the farther jet regions. 

The magnitude of ¢ relative to the kinematic viscosity, y, as shown in Fig. 22, 
is an excellent index of the strength of the turbulence. The entire test range 
contained the extremes of ¢ being approximately twice y to e being 2800 
times y. This is a striking point to be kept in mind. 

Equation 3 for the eddy viscosity supports the thought that turbulence in room 
air distribution is a consistent physical phenomenon amenable to careful experi- 
mental research. Given a means of predicting jet boundaries in connection with 
empirical relations for the eddy viscosity, then the solution of practical problems 
will be greatly expedited. The dominant need is for more data. 

Jet Dispersion: The dispersion of a jet, signified by the disappearance of 
directed motion, starts with the collapse of an observable jet boundary and then 
progresses inwardly to the jet axis. Dispersion may be complete within a few 
feet (4 to 6 ft) if the general spatial air movement is high (25 fpm), or disper- 
sion may require a considerable distance (10 to 20 ft) if the general spatial air 
movement is low (below 10 fpm). The levelling off of the maximum-velocity 
curves of Fig. 11 indicates the dispersion region for the present data. For prac- 
tical problems, it is significant to point out the error which would result from 
an over-extrapolation of the linear portions of the curves of Fig. 11. 


CONCLUSION 


Since this paper is only a brief summary, primarily intended to stimulate an 
appreciation of physical phenomena rather than to provide direct handbook-style 
data, it is well to close with a repetition of the research attitude brought forth 
by Tuve!* in 1937. Namely, the development of a quantitative engineering 
understanding of room-air distribution will be greatly aided by continuing 
experimental research, technique and instrumentation studies, and fundamental 
data of the present general type in line with the stated general objectives of the 
long-range program. 
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APPENDIX 


Calculation Formula 
All of the integrations were performed graphically. 
1. Jet-Flow Rate 
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2. rte, Force or Momentum-Flow Rate 


x+a) _ ev 


3. Perimeter-Mean Jet Boundary-Shear Stress 


Tp 1 pean,o (- a(F/F,) (A-3) 
(QU ox ) QU al(x/Dp) 
This derivative was evaluated graphically from Fig. 19. 
4. The Radial-Component Mean Velocity 
1 
U n 
5. The Shear-Stress Across a Jet Profile 
Equation A-5 assumes incompressible i 
NOMENCLATURE 
a = upstream distance of the = fluid density, (pounds) 
apparent point source (minute)? per (foot)*. This 
(Table 1) feet. is obtained by dividing the 
D, = outlet diameter, feet. density in pounds per 
F = axial-direction momentum (cubic foot) by (3600 x 
impulse force at distance 32.2) feet per (minute)?. 
x, pounds. + = axial-direction shear stress, 
F, = momentum impulse force pounds per square foot. 
at the outlet, pounds. 7) = axial-direction shear stress 
P = jet perimeter, feet. on the jet boundary, 
R. = outlet radius, feet. pounds per square foot. 
U = axial-component mean ve- (eU).0 = axial mass velocity at the 
locity, feet per minute. outlet, (pounds) (minute) 
V = radial - component mean per (foot)’. 
velocity, feet per minute. (eU)avio = average mass velocity over 
W = jet flow rate at distance x the outlet area, (pounds) 
pounds per minute. (minute) per (foot)%. 
W. = jet flow rate at outlet, (eU)cx = axial mass velocity at dis- 
pounds per minute. tance x from the outlet 
e = eddy viscosity, (feet)? per — (minute) per 
second or (feet)? per min- 
ute. (epU) = paar -component mass ve- 
v = kinematic viscosity, (feet)? locity at any position in 
per second or (feet)? per the jet (pounds) (minute) 
minute. per (foot)*. 
ny = abscissa for the vertical (eU)meanyo = mean value of (eU*) over 
velocity profiles, given by the outlet area, pounds 
Equation 1 with R meas- per square foot. 
ured along a vertical line (eU*)..x = momentum impulse force 
through the jet axis, di- per unit area along the jet 
mensionless. axis, pounds per square 
yh = horizontal counterpart of foot. 


nv, dimensionless. 
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DISCUSSION 


G. L. Tuve, Cleveland, Ohio (WrittEN): This paper from the Research Laboratory 
represents a very large amount of painstaking work by the authors. They have been 
modest, especially with regard to their preliminary studies of the literature on jet 
phenomena. I happen to know that they have read most available articles on the 
subject, no matter in what language or country it was published, and that their review 
of this work of other investigators filled hundreds of typed pages. 

This paper will, I think, be recognized as the most significant contribution we have 
had to date on the movement of ventilation air in rooms, especially at velocities 
below 100 fpm. I am not certain that we yet know enough about the other low- 
velocity air currents in rooms to interpret or make the best use of the data given by 
the authors. For instance, the authors trace the jet velocity from an initial 500 fpm 
(or more), down to 15 fpm. In Figs. 11 and 12, they even extend their curves down to 
9 fpm. In Tue Guin, still air is defined in the comfort chart discussion in terms of a 
velocity of 15 to 25 fpm. It is my opinion from our work at Case Institute of 
Technology, that in such a low range the problems of drafts and air impingement are 
not too significant for the designer, or even too important to the occupant. However, 
we do need a better understanding of air movement in this range below 50 or 75 fpm. 

I should like to ask the authors a few specific questions : 


(1) What values were obtained for the ratio of the maximum velocity to the mean 
velocity, at the various cross sections of the jet, especially in the range where the 
maximum was over 100 fpm? 


(2) The 350 fpm curve in Fig. 18 shows the entrainment ratio at 80 diameters, 
and according to Fig. 11 the jet velocity here is about 15 fpm. What percentage 
accuracy do they estimate is obtained in the entrainment ratio in this range? 


(3) It is stated that the straight lines of Fig. 11, such as many of us have reported 
from tests, are a partial refutation of the theory. Is there any explanation of the 
sharp break in the momentum curve of Fig. 19, especially the 6000 fpm line? 
Here, the curve breaks at about 60 diameters, while the same data in Fig. 11 give a 
perfectly straight line. 


(4) The turbulent shear stress is referred to as being of basic interest, and it is 
added: the eddy viscosity is useful as a means of expressing the turbulent shear stress. 
Could a physical picture of what is meant be given, using terms that are familiar to us? 


(5) In conclusion No. 1 of the summary, the effect of outlet velocity is referred to 
and on page 121 it is stated that this effect as shown by the relative position of the 
curves in Fig. 11, has not been previously established. In the 1944 TRANSACTIONS, you 
will note that Mr. Priester and I reported just about the same thing.* We indicated 
about the same distance between the curves, and on page 164 of the report we supported 
this with tests on eight sizes and shapes of outlets. 

In closing, I should like to remark that the Laboratory has for one reason or another 
been obliged to stop this fundamental work on air distribution. I consider this work 
very important (and I have been repeating this for almost fifteen years). There has, 
however, been no industrial support in the last year earmarked for this type of work. 
After a study of this kind we should be interested in determining where drafts might 
occur even if nobody makes any money directly by the information. A draft is going 
to affect somebody’s pocketbook eventually, and may even be the cause for removal 
of present equipment and installation of new equipment. 


C. M. Asutey, Syracuse, N. Y. (WrittEN): The authors are to be commended 
for having presented a clear and quite complete picture of the characteristics of a jet 


* A.S.H.V.E. Research Report No. 1248—Control of Air-Streams in Large Spaces, by G. L. Tuve and 
G. B. Priester (A.S.H.V.E. Transactions, Vol. 50, 1944, p. 153). 
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discharging into a large space and have thereby added appreciably to the knowledge 
of this important subject. There is one part of the subject, however, on which it would 
be desirable to have added more light. This is the effect of the enclosure on the 
characteristics of the jet. Some idea as to the magnitude of this effect can be deduced 
from the maximum values of entrainment ratio shown in Fig. 18. If the velocity 
of the outlet is doubled, it is approximately equivalent to an outlet of twice the 
diameter at the lower velocity, half of whose air flow is entrained room air. On this 
basis it woud be expected that if there was no effect of the room, the maximum 
induction ratio would be twice as great for twice the outlet velocity. Actually, it can 
be seen from Fig. 18 that between 500 and 1000 fpm velocity, the maximum induction 
ratio increases only from slightly under 14 to slightly over 15. It is believed that the 
failure to increase in proportion is almost wholly the result of the fact that the 
geometry of the confining space remains fixed. 

Another way of approaching the same problem is to picture what causes a loss of the 
stream momentum. Since momentum is a force, it is possible by a proper choice of 
boundary conditions to write a force equation which identifies the sources of loss. 
Imagine, for instance, boundary conditions in the form of a cylinder with one end of 
the cylinder defined by the stream cross section at a substantial distance from the 
outlet and the other end of the cylinder in the plane of the outlet face. Besides the 
momentum flux of the stream itself passing through the two ends of the cylinder, there 
can be additional axial forces set up due to the axial component of the velocity pressure 
difference acting over the two end faces. In order to examine the relative magnitude 
of these forces, I have taken the point on the 6000 fpm curve at a value of +/D,. of 80. 
Knowing the size of the room and the induction ratio, it is possible to make an 
approximate estimate as to the magnitude of the momentum of the return velocity in 
the space outside of the stream. This negative momentum and its associated pressure 
change accounts for roughly half of the momentum loss of the stream, but the only 
other forces which can act are due to the radial component of velocity along the two 
end boundaries, and these forces appear to be of negligible magnitude. For the 
corresponding stream points for lower velocities, the proportion of the loss which can 
be accounted for by the momentum of the return stream is much less. For instance, 
at a value of x/D. of 55 for 500 fpm outlet velocity, little more than 10 percent of 
the loss would appear to be due to this cause. 

I have two suggestions to account for the balance of the loss. First, as the authors 
have pointed out, particularly at the low velocity end, the stream is extremely unstable 
and thus the velocity at any one point varies within wide limits. But the rate of 
momentum flux at any point is a function of the square of the velocity, and thus the 
time average of the velocity is not a fair index of the momentum flux and the actual 
momentum is appreciably greater than that shown in Fig. 19 near the end of the 
stream. The second factor which is of particular importance near the end of the high 
outlet velocity streams and for virtually all of the low outlet velocity streams, is due 
to the continued pealing off of air from the stream in the form of intermittent jets 
and vortices which are not readily identifiable in terms of mean stream velocity at any 
point. These vortices cause a loss of positive momentum out through the boundary 
and a gain of negative momentum in through the boundary. To what extent this effect 
is associated with the enclosure is not known, but it is believed that the enclosure 
has some influence on it. 

Another way of stating the effect of the enclosure on the performance of a jet 
is to indicate that the maximum induction ratio is primarily a function of jet velocity 
and the velocity of the return stream. For instance, we have made some observations 
that indicate that, speaking in very rough terms, a jet velocity of 1000 fpm with a 
return velocity of 50 fpm results in an induction ratio of between 4 and 5 to 1, whereas 
a jet velocity of 2000 fpm with 50 fpm return velocity results in an induction ratio of 
between 8 and 10 to 1. At lower return velocities, the induction ratio corresponding to 
each of the jet velocities would have been greater. In considering the action of jet 
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streams in enclosed spaces, a more extended treatment along the lines suggested 
would, I believe, be of great value and it is hoped that future programs will make such 
treatment possible. 


S. F. Girman, Urbana, IIl.: This paper brings out very well the complexity of the 
turbulence problem. The method of presenting this complicated, three dimensional data 
is to be commended; I find I can follow the diagrams easily. The mere plotting of 
such data so that it can be understood by others is in itself a serious problem on many 
occasions. 

Most of the work by others has been done with axially symmetrical jets. This might 
explain to some extent the difficulties the authors had in attempting to correlate their 
non-symmetrical data. However, such devices as the error function have not worked 
too well for these previous investigators either. 

The boundary condition U = 0 is a little bit novel, as Mr. Nottage admits. It is 
obviously helpful in the mathematics. It has to my knowledge no theoretical signifi- 
cance, but it may be of value in interpreting experimental data. Such a boundary 
condition has little physical significance to those of us who are interested in sensa- 
tions of comfort, since we are interested in the velocity field itself and not just the 
axial components of the velocities. That is to say, there could be 200 or 300 fpm 
velocities in a radial direction outside the boundaries of the jet, and such velocities 
of course would be considered from a comfort standpoint as undesirable within the 
zone of occupancy of a space. 

The mechanism of turbulent flow in jets is extremely complex, and we have a long 
way to go before the problems involved are completely solved. I have been very 
glad to see such an ingenious attack on the problem of jet behavior in a confining space. 

I have a question concerning the equations given in Appendix A. Taking Equation 
A-1 as a sample, W is the integral taken over the area of pUdA. W over W, is then 
this integral divided by the jet flow rate at the outlet. The authors have then multiplied 
the equation by factors which form dimensionless groups and which are convenient 
in the graphical integration. 

If we take z as a coordinate in the vertical direction and y as a coordinate orthogonal 
to both the x and =z directions, then 


z= (x +a) 
and 
y = 
The element of area dA then becomes 
dA = dzdy = (x + a)? nym dnvdm 


When we substitute this into the equation we get some constant factors multiplied by 


tv th (PU) dn 


The authors have apparently transformed this integral into 


(eV) 


that is, an integral containing two variables of integration has been transformed into 
an integral containing a single variable of integration. My question is how this 
transformation was made and what particular advantages this form of the equation 
has in the graphical integration? 


R. A. Miter, Pittsburgh, Pa.: We have been listening to two very interesting 
papers; one supported largely by earmarked contributions and under the direction of 
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the TAC on Heat Flow Through Glass; the other supported primarily by Research 
funds. 

Professor Tuve mentioned the fact that the work that Mr. Nottage has reported has 
gone along without any special participation from the industry and without any too 
great industry interest. 

I would like to point out that whatever the Laboratory has done on heat transfer 
through glass has been earnestly and thoughtfully supported by persons directly 
interested in developing information and knowledge on all of those several factors and 
largely financed by industry participation. 

It seems to me that this Society is practically unique in its position of having 
available to it a research laboratory which is capable of doing profound work of 
tremendous value in the work which the members are interested in accomplishing. 
The only way that research can be carried on its through adequate financing of the 
personnel and the equipment necessary to carry out that research. 

Although the Laboratory is supported by a portion of your annual dues, these are 
not sufficient to carry on intensive work of the character that Mr. Nottage described 
and Mr. Parmelee presented previously. This is an earnest appeal from a member of 
the industrial group to the rest of the group to support those researches which are 
invaluable to all of us by earmarked contributions. 


W. A. Danietson, Raleigh, Tenn.: This paper on air distribution is the most 
practical paper we have had for some time in this Society. Of course, drafts are not 
9 fpm, but wherever you sell air conditioning you are confronted with the problem of 
drafts. I want to point out that every inlet into a room is a jet of some type, whether 
it be a perforated ceiling or a small diameter high velocity jet in a theatre. 


E. K. Campsett, Kansas City, Mo.: This has been a very interesting paper to me 
and I am very glad the Society has carried on this work. Although it is still in its 
elementary phases, it can be a help to those of us who are in air distribution work. 

I have been interested in distributing heat by air movement for a great many years 
and in our laboratories we have large rooms of one kind or another with thermometers 
which register the only result that we had to get. 

In recent years we have done a good deal of work designing plants for coal tipples, 
corrugated iron buildings high enough to be a chimney with tremendous leakage. 
Any rule for figuring that sort of a job must be more or less guess-work, as the 
air movement problems within them are very great. 

I sometimes think we run more ducts than are necessary. It is very difficult in 
some of those buildings to run ducts because of the tremendous size of the machinery 
and the moving conveyors, which set up vibrations causing turbulence. To overcome 
this we have a rule of thumb which works very well most of the time: Put in enough 
warm air and take out enough cold air. Large volume aids distribution under any 
conditions. 


H. H. Reicu, Pittsburgh, Pa.: As one interested in the design of systems, I wish 
the authors would elaborate on the significance of the jet being isothermal, inasmuch 
as that condition would not ordinarily prevail in normal conditions. 


Autuors’ CLosure (H. B. Nottage): Our paper is little more than an outline, and 
my talk has been necessarily brief, while the subject is extensive and extremely 
interesting. The basic ideas in our thoughts have been two, namely: (1) that an 
understanding of the forces acting within a body of room air in motion will lead to a 
fundamental understanding of the motion itself; and (2) that patient, systematic, and 
very careful experimentation is the foundation essential to extending our knowledge 
of room air distribution. 

The present studies were intentionally carried into the range of velocities below 50 
fpm. We wish to emphasize that data for velocities in the order of 10 to 50 fpm were 
obtainable only with extremely careful test operation. In this it was necessary to 
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accommodate the experimental details to changes in the outdoor weather and to the 
requirements of other activities in the Laboratory. For instance, we soon learned that 
satisfactory low-velocity data could be obtained only during lunch hours, on Saturdays, 
or at times when other projects did not require the movement of persons or equipment 
in the large room shown in Fig. 1. 

A much-regretted inability is acknowledged to properly quote any accuracy tolerance 
on our data. We are confident, however, that our original velocity data are repro- 
ducible in the sense that re-check averages of four to eight repetitions of the same 
profile would give closely the same result. This was investigated over the entire test 
range by making repeat runs on different days and with different observers. Referring 
to these checks, a rough estimate is that this reproducibility was within a band of 
scatter about the reported averages which ranged from + 5 percent at the highest 
velocities to + 20 percent at the lowest velocities. There were no systematic deviations 
apparent in these comparisons, and we believe that the scatter originates in a combina- 
tion of experimental inadequacies and the very nature of room air movement. 

To study room air movement, particularly involving moderate and low velocities, in 
a more precise manner would have required a careful statistical approach. In this, a 
sufficient number of individual test readings would have been required for each item 
of data to enable compilation of a frequency-distribution interpretation for the 
magnitude of each item concerned. In the realm of accidental errors, these interpreta- 
tions would have given an error-function type of distribution, represented by the 
familiar bell-shaped curve. From such an approach, we would have been able to 
specify the most probable magnitude and a standard deviation therefrom. These 
involved details of time and effort that simply were judged to be uneconomical. 

It is convenient to reply in turn to further questions raised in the discussion. In reply 
to Professor Tuve: 


(1) In the usual sense, stil] air is understood to be calm or quiet air, and these 
characteristics are subject to the scale of calmness or quietness which may be adopted. 
In a strict sense, still’ air is motionless air. 

Under ideal weather conditions, with room activity at an absolute minimum, and © 
with 100 fpm outlet velocity, a puff of smoke placed in the farther regions of the room 
would remain hanging with a discernable configuration for roughly ten minutes. This 
we called still air. Relative to this scale of calmness, a puff of smoke placed in the 
center of our jet actually could be seen travelling at 9 to 10 fpm. 

It is believed that THE Guive is perfectly correct in speaking of ordinarily still air 
as containing velocities in the range 15 to 25 fpm. Interpretation depends upon the 
problem being considered. We appreciate the support of our efforts toward an under- 
standing of low-velocity air movement, wherein the questions of comfort and immediate 
applications in every-day ventilation estimates remain for further consideration. 


(2) Strictly speaking, the ratio of maximum to mean velocities varies appreciably 
with both velocity and distance from the outlet. Some very rough magnitudes are 
listed, limited to the range of about 4 to 60 diameters from the outlet. 


(Ue/e0) AV, O MAX. VEL. 

FPM MEAN VEL. 
100 
350 1.9 
500 1.9 
1000 2.0 
2500 2.2 
6000 2.2 
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These magnitudes reflect the definition of the jet boundary and also the presence of 
the confining space. Recall that the jet expansion angles established by the present 
techniques are somewhat smaller than have been reported by previous investigators 
using other methods. 

Concerning the accuracy of flow rates in Fig. 18, the data for the points at the 
farthest distance from the outlet are the least accurate in each case. For 350 fpm 
outlet, +/D. = 80, the flow rate is estimated to be within +20 percent. The very 
nature of the flow in the region of imminent jet dispersion makes any better accuracy 
very difficult. 


(3) The boundary-layer theory (Fig. 11, Fig. 19) to which we referred is the 
so-called boundary-layer theory as conventionally applied to a jet, and this may not 
have been clear. There is no violation of the momentum principle in these results; 
we have demonstrated, however, that the setting up of a force balance requires that all 
of the forces acting be considered. If there were no forces beyond the momentum- 
impulse force, then the curves of Fig. 19 would be horizontal lines at F/F. = 1. 

The use of boundary-layer theory, with the postulate that the rate of momentum 
flow is a constant, leads to a prediction that the axial velocity should be proportional 
to the reciprocal of the distance from the outlet. This calls for the log-log plotting 
in Fig. 11 to give straight lines of slope —1. The condition of zero axial-direction 
shear stress along the edge of the jet is part of this theoretical approach. 

Now, our careful efforts showed that the rate of momentum flow varied as in Fig. 
19. Yet, the lines of Fig. 11 come very close to a —1 slope. From this we conclude that 
the major opposing force required by Fig. 19 is shear along the edge of the jet. Truly, 
some very slight differences in static pressure also exist in the flow field, but we were 
unable to deal with these in a satisfying manner; hence, we make no claim of high 
precision for the calculated jet-edge shear stresses. The important thing in this 
connection, and at this very early stage in our fundamental research, is merely the 
order of magnitude of the stresses within the fluid. 

Thinking further about Figs. 11 and 19, we conclude that the opposing shear stress 
which sets in at the edge of the jet is not felt appreciably at the center of the jet 
within the range of the —1 slope of Fig. 11. This contention is consistent with the 
observation that jet dispersion begins with a breakup of the jet edge, and then the 
disturbance gradually propagates inward to the jet axis. Note that the curves of Fig. 
11 show a downward break and then a levelling off in the dispersion region, which is 
in accord with our qualitative concept of the dispersion process being governed by 
internal force magnitudes. 

Turning again to the results for the momentum flow rates, or impulse forces, as 
given in Fig. 19, the location of the downward break for the 6000 fpm curve is believed 
to be a definite consequence of the confining-space influence. At 100 fpm, on the other 
extreme, the confining space had no directly observable influence, and the opposing 
forces are believed to have originated within the fluid body itself. Between these 
extremes, we have a mixture of influences. 

May we emphasize our feeling of inadequacy and inability to thoroughly understand 
our findings in a truly satisfying manner. All of this is believed to substantiate our 
basic objective to treat the confining space as a major experimental variable. At 
present, our position is like having but one point in a desired family of curves. 


(4) With regard to the shear stress and eddy viscosity, it is suggested that the 
reference literature should be consulted for the background of these considerations. 
The comprehensive literature survey which was prepared at the Laboratory contains 
a full development, which is unappropriate to repeat here. 


(5) We wish to apologize for not having cited the excellent earlier work of 
Mr. Priester and Professor Tuve in considerable detail. The comprehensive literature 
survey contains a full review. It must be emphasized that the present studies are a 
direct outgrowth of the outstanding pioneering studies which Professor Tuve has 
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directed at Case Institute of Technology for many years. At the Laboratory we are 
concentrating on the problems of air movement in a confining space, which is intended 
to parallel the continuing work on primary air streams from various outlets at Case 
Institute of Technology. 

Our comment concerning Fig. 11 may have been poorly worded. We intended to 
point out the fact that the results in Fig. 11 do cover a greater range than has 
heretofore been available. We wish to thank Professor Tuve for his reminder to our 
readers and recommend the paper cited for very careful study. 

In reply to the comments from Mr. Ashley we appreciate the support given to one 
of our main objectives, namely, to treat the confining space as a major experimental 
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variable. We found, much to our disappointment, that it was impractical to study the 
return air flow under the conditions imposed upon our experimental operations. Many, 
many times our thoughts turned to the dream of having an air-tight enclosure wherein 
all surface temperatures could be controlled. Certainly, the studies mentioned by Mr. 
Ashley need to be made. 

Mr. Gilman’s comments again emphasize how useful a completely enclosed space 
would have been for our studies. While comfort aspects were beyond our present 
scope, we are in full agreement as to their great importance. At any point within the 
jet boundary, the complete tabulated data permit the resultant mean-velocity vector 
to be defined. 

We regret being obliged to omit mathematical details. It should be pointed out that 
dA = (x + a)2 dny dm. Initially, we took an elaborate series of criss-crossing profiles 
which enabled us to represent (Up) as a function of ny and m in a three-dimensional 
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plotting such as shown in Fig. A of this discussion. The flow rate is obtained from the 
volume of such a hill, and this volume is 


The integration was made graphically, and the first step was to establish 


dny d 
nv 


in planes of (Up)/(Up)-= constant. Naturally, we were looking for the simplest 
possible procedure. Following initial exploratory work, extending over the range of 


x/D, and outlet velocities which was planned, we noted that f dnvdym, magnitudes 


were very close to the area of ellipses, rnv,emn,e, where the added subscript ¢ signifies a 
location on the surface of the hill in Fig. A. Contours of our slices, averaged over the 
four gradients, were checked against elliptical contours, seeking any sort of systematic 
deviation which might exist. Deviations were found to be small and lacking of any 
observable consistent trend. The initial thought was that an empirical correction 
factor might be established to represent the departure from elliptical areas. Our final 


conclusion was that dyvdm, at (Up) /(Up). = constant, could be satisfactorily 


taken as mv,eynje. Then treating mv,e and m,e as functions of (Up)/(Up)e, the 
integration follows directly. 

We are appreciative of Mr. Gilman having given us the opportunity to explain this 
step. Readers are cautioned, however, against the indiscriminate assumption of elliptical 
slices in other instances. Particularly if the confining space had been smaller, we could 
not have justified this step. 

We might emphasize apropos of comments from Mr. Miller and General Danielson 
that the present studies have been made possible only by the action of the Committee 
on Research in supporting the use of general funds. Even so, proper operating 
efficiency could not be attained because of the inability to make further capital 
investments in equipment and instrumentation. 

The eminently practical comments of Mr. Campbell based on long experience give us 
the opportunity to make the following points: (1) that we believe the long-range 
objectives of the research program in room air distribution have been encouraged by 
the present findings, even though these initial results are largely exploratory; (2) 
that the material presented in this paper is primarily of a textbook nature, which leaves 
the badly-needed handbook type of information strongly calling for further attention 
and continued experimentation; and (3) that the total of our experiences and discus- 
sions leads to strong and appreciative support for artful skill and competent judgment 
in practice, guided by a careful recognition of physical principles. 

The problem of heating a coal tipple, for example, requires courage and vision. One 
cannot take these present data alone and from them design a complicated heating 
system which would guarantee that workers would be healthy and reasonably comfort- 
able at all times. Our thought is, however, that the physical principles with which we 
are dealing can give guidance toward better results and lessened costs over the 
crudities and guesses which otherwise would be unavoidable. 

In answer to Mr. Reich one of the major objectives of the long-range program is to 
treat non-isothermal conditions very thoroughly. Our first results for a chilled jet 
will be presented in a subsequent paper. Isothermal studies merely give us a reference 
base or starting point for the problems of much greater practical importance in 
non-isothermal room air movement. 
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THE A.S.H.V.E. ENVIRONMENT LABORATORY 


By Cyrit Tasker*, C. M. Humpureys**, G. V. PARMELEEt AND L. F. 
Scuutrumf, CLEVELAND, OHIO 


N 1947, as a result of a conference held in Cleveland, the Society undertook to 

carry on an extensive and long-range research program on panel heating and 
cooling. Under the direction of the Committee on Research through the TAC on 
Panel Heating and Cooling plans for a calorimeter room were developed. In 
order to reproduce typical environmental conditions it was specified that this 
room be so designed that inside surface temperatures which might prevail in 
practice, with normal types of building construction, at outdoor temperatures 
down to 0 F, could be simulated. 


It was also suggested that the design provide for a good deal of flexibility in 
simulated wall and glass areas, both as to location and relative area, and that 
provision be made to cool the equivalent of one entire long wall of the room 
down to 20 F. 


Other considerations included provision to heat the ceiling or floor, or both, 
to 150 F and to cool either or both to 40 F. It was also desired to simulate 
infiltration up to two air changes per hour, i.e., approximately 7200 cu ft per hr, 
and to cool this air to 0 F. 


The room is now completed and tests are being conducted utilizing the 
facilities, construction details of which are described in the following paragraphs. 


FRAMEWORK, VAPOR BARRIER AND ADJUSTABLE CEILING 


The Environment Laboratory (Fig. 1) is located in the upper floor of the 
Research Laboratory where there is a clear ceiling height of 17 ft 11 in. The 
framework consists of lightweight steel members (35% in. studding and 9 in. floor 


* Director of Research, A.S.H.V.E. Research Laboratory. Member of A.S.H.V.E. 
** Senior Engineer, A.S.H.V.E. Research Laboratory. Member of A.S.H.V.E. 

+ Research Associate, A.S.H.V.E. Research Laboratory. Member of A.S.H.V.E. 
t Research Engineer, A.S.H.V.E. Research Laboratory. Member of A.S.H.V.E. 


Presented at the 58th Annual Meeting of THe American Society or HEeaTING AND VENTILATING 
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and ceiling joists) installed on 16 in. centers. Fig. 2 shows the steel framework 
with the rough floor in place. 


The floor of the room is located 3 ft above the main Research Laboratory 
floor, which provides a crawl space for the installation of pipes, ducts, and 
wiring. The fixed ceiling joists shown in Fig. 2 are about 14 in. from the 
laboratory ceiling. This space was left for the installation of the fixed ceiling 


Fic. 1. GENERAL VIEW OF EXTERIOR OF ENVIRONMENT LABORATORY 


and to leave room for future ducts and other services. The provision of this 
space and the crawl space limited the available ceiling height in the room to a 
maximum of 12 ft. Provision was also made in the framing of the room for the 
installation of a partition to divide the space into two 12 ft by 12 ft rooms 
at a later date. 


Wood strips 14 in. x 3 in. were fastened to the outside of the studding to 
provide attachment for the outer shell of the room. A vapor barrier, consisting 
of kraft paper between two layers of aluminum foil, was then placed over the 
entire framework of the walls and roof. All vertical laps on the side walls and 
longitudinal laps on the roof were made at the studs or joists, and every precau- 
tion was taken to obtain a vapor-tight envelope. The vapor seal may be seen 
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between the studs in Fig. 3. Plywood (34 in.) primed on both sides with two 
coats of aluminum paint was fastened over the vapor seal on the walls and ceiling 
to form the outer shell of the room. 

The floor of the crawl space consists of 24 gage galvanized sheets laid on the 
wood floor of the upper laboratory. All seams between the sheets are soldered, 
and the edges of the sheets around the perimeter of the room are turned up 


Fic. 2. Ligut STEEL FRAMEWORK OF ENVIRONMENT LABORATORY DURING 
CONSTRUCTION 


approximately 14% in. In addition to serving as a drip pan in case of pipe 
leakage, this arrangement forms a very effective vapor seal at the bottom of the 
enclosure. 

To obtain the variable ceiling height requested by the TAC on Sensations 
of Comfort, a second, movable ceiling was constructed on a framework of angle 
iron and 9 in. steel joists. This was built in two halves, so that when the room 
is divided the height of the ceiling in either room may be adjusted, independently 
of the other. The framing for the two sections of the ceiling may be seen hanging 
at different heights in Fig. 3. . 

Details of the method for lowering and raising the adjustable ceiling are 
described in the paper presented at the A.S.H.V.E. 58th Annual Meeting. 


1 Exponent numerals refer to References. 
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HEATING AND CooLING PANELS 


Among the important requirements in panel design were: (1) lightness in 
weight, (2) high thermal conductivity, (3) low heat capacity, (4) corrosion 
resistance, (5) pleasing finished surface and (6) reasonable cost. 


The type of panel judged to most nearly fulfill all these requirements was one 
described in a recent paper by Charles S. Leopold.2 The panels consist of 
aluminum extrusions, 6 in. or 12 in. wide and 1/16 in. thick, stiffened by ribs 
on the back. Wider panels, in any multiple of 6 in., can be made by spot welding 


Fic. 3. INTERIOR VIEW OF ENVIRONMENT LABORATORY BEFORE INSTALLATION 
OF PANELS 


and/or bolting the standard widths together. The back view of a 4-ft square 
panel is shown in Fig. 4. On the back of the panel there are grooves or troughs 
3 in. on centers into which 14 in. O.D. copper tubing is fitted. After the tubing 
is in place, the sides of the grooves are pressed against and over the tubing, thus 
clamping it firmly in place. These tubes carry the heating or cooling liquids. 


Since it is essential that the temperature of each panel be held reasonably 
constant over its entire area, the fluid flow rates in the panels have to be much 
higher than are required in the average panel heating or cooling installation. 
To minimize pressure losses, the larger panels were constructed with two 
separate circuits, connected in parallel. These may be seen in the left half of 
Fig. 4. The right half of Fig. 4 shows a similar panel with insulation in place 
over the coils, and with parallel piping connections completed. 


The length of circuits on the various panels varies considerably. The pressure 
loss through each panel circuit was determined, and properly sized orifices were 
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installed in the shorter ones, to assure equal loss in all panel circuits when each 
was supplied with an equal quantity of water per square foot of panel area. This 
step was taken to make sure that each panel would receive its proportionate share 
of the liquid being circulated through a number of panels connected in parallel. 


The arrangement of panels on the various room surfaces is shown in Fig. 5. 
Table 1 gives the size and circuit arrangement of all panels. The panel arrange- 


- 


Fic. 4. REAR VIEW OF ONE OF ALUMINUM PANELS 


ment and sizes were carefully chosen to provide maximum flexibility in selecting 
typical combinations of simulated glass and wall areas for various ceiling heights. 


Provision was made for removing the center panels if the room is divided. 


Fiuip Circults 


The tanks, heaters, coolers, pumps, and other equipment necessary for condi- 
tioning and circulating liquids through the various wall, floor and ceiling panels 
are located on the lower floor of the Research Laboratory directly below the 
room. A general view of this equipment and the piping is shown in Fig. 6. The 
operation and controls for this equipment were described.! 
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Fic. 5. PANEL ARRANGEMENT AND THERMOCOUPLE AND HEAT METER Loca- 
TIONS IN ENVIRONMENT LABORATORY 


© = Copper Constantan Thermocouples 


x = Heat Meters 


1—Si1zE anp Circuit ARRANGEMENT OF PANELS 


PANEL | PANEL TuBe Circuit 
DESIGNATION DIMENSIONS, INCHES 

60x48 Parallel 

E 144x12 Single 

F, G, H, 48x48 Parallel 

QO 144x6 Single 
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Since it is necessary to cool some of the panels below the freezing point of 
water, the entire system contains a 22 percent by weight, aqueous solution of 
ethylene glycol. A corrosion inhibitor, prepared in accordance with the best 
information available, was added to the solution. 

Liquid for cooling the panels is chilled in a shell and tube type heat exchanger 
by a 15-hp Dichlorodifluormethane (F-12) compressor. Chilled liquid is stored 
in a 300-gal tank and is circulated through the tank and heat exchanger by a 
pump which also provides adequate mixing in the tank. The temperature of the 
liquid in the tank is controlled by a pneumatic thermostat which, by means of a 
cylinder unloading device, can operate the compressor at any of five capacity 
steps, or can stop it completely. 


Fic. 7. View oF Pripinc tN CRAWL SPACE SHOWING RISERS, 
Run Outs AND VALVES 


Liquid for the warm panels is heated by a gas-fired water heater, and stored 
in a 220-gal tank. A pump provides positive circulation through the tank and 
heater, and assures good mixing in the tank. Temperature control is obtained 
by manual adjustment of the gas supply, but provisions have been made for 
installing automatic control. 

Four centrifugal pumps and four piping circuits are arranged to supply liquid 
at the desired conditions to the panels in the Environment Laboratory. Lines 
in the lower laboratory level are of threaded galvanized pipe and fittings (Fig. 
6). The mains and branches in the crawl space, and the risers in the walls, are 
of type L copper tubing with sweated joints. Piping in the crawl space is so 
arranged that when the space is divided into two rooms, the circuits to each 
room will be independent of one another. Fig. 7 shows a portion of the piping 
in the crawl space. 

The piping is arranged to provide four circuits as follows: (1) simulated cold 
wall circuit, (2) simulated glass circuit, (3) floor circuit and (4) ceiling circuit. 


x 
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The piping and pumping arrangements for these circuits have been previously 
described.1 With these circuits a wide range of surface temperature conditions 
may be set up. In considering the many possibilities it should be remembered 
that by closing the valves to individual panels, any surface or any part of any 
surface may be made neutral, that is, it will be neither heated nor cooled. 

The maximum cooling load provided is the equivalent of cooling one entire 
long wall to approximately 20 F. Within the limits of this cooling capacity, 


Fic. 8. ARRANGEMENT OF DEHUMIDIFIER COILS, 
CoNDENSING UNIT AND CONNECTING Ducts TO 
Supp_y INFILTRATION AND DEHUMIDIFICATION AIR 


many combinations of simulated glass and cold wall areas are obtainable on 
one, two, three or four walls. In combination with the various wall conditions, 
the floor or ceiling, or any part of one or the other, may be cooled. In such a 
combination, all of the simulated glass areas would be at one temperature, the 
simulated cold wall surfaces at another, and the floor or ceiling could be 
maintained at still another temperature lower than that of the room air. Further 
combinations could be obtained by varying the ceiling height. 

Heating may be obtained from all or any part of the floor, the ceiling, or both. 
It is not possible, however, to cool one part of the floor and heat the other part 
simultaneously, nor is it possible to do this with the two halves of the ceiling. 
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DEHUMIDIFICATION AND INFILTRATION AIR CIRCUITS 


Air must be supplied to the Environment Laboratory for two distinct purposes. 
First, to simulate the effect of infiltration occurring in normal enclosures it is 
necessary to introduce air at whatever temperature is chosen as the outside 
temperature for any particular set of operating conditions. Provision was made 
to introduce the equivalent of two air changes per hour with a 12-ft ceiling and 
three air changes per hour with an 8-ft ceiling. Second, to prevent condensation 
on the cold pipes and panel surfaces, it is essential that enough dehumidified air 
be introduced into the space to hold the dewpoint of the air below the lowest 


Fic. ¥. INTERIOR VIEW OF Room SHOWING STANDPIPES FOR 
INFILTRATION AIR AND INSTRUMENTS FOR MEASURING AIR 
Motion AND MEAN RADIANT TEMPERATURE 


surface temperature at all times. Fig. 8 shows the arrangement of dehumidifier, 
coils, fans, condensing unit and connecting ducts installed to supply the 
infiltration and dehumidification air. 

Approximately 800 cu ft of air per minute is taken through a duct from the 
space above the adjustable ceiling and passed through a sorption type dehumidi- 
fier. The greater part of this air is passed through a finned coil, where it is 
cooled to approximately 70 F by chilled glycol solution from the tank in the 
basement. It is then discharged into the crawl space and finds its way up 
through the stud spaces to the space above the adjustable ceiling. Thus, all of the 
spaces containing piping or facing the back of the panels, including the crawl 
space, the spaces back of the wall panels, and that over the ceiling, have 
dehumidified air circulating through them. 

The remainder of the dehumidified air, up to approximately 130 cfm, first 
passes through a precooling coil where it is cooled by glycol solution. It is 
then picked up by a booster fan and discharged through a direct expansion coil 


gals ff 
= 
Bes 


A.S.H.V.E. ENVIRONMENT LABORATORY, BY TASKER, ET AL 149 


where it is cooled to any desired final temperature down to zero F. From this 
coil it is conveyed through a duct located in the crawl space and is finally 
discharged through 150 holes (1% in.) in each of six standpipes located along 
the east and south walls. These standpipes may be seen in Fig. 9. Shields were 
placed between the pipes and the panel to prevent the air jets from impinging on 


Fic. 10. REAR VIEW OF INSTRUMENT CONSOLE 

SHOWING TERMINAL STRIPS AND SELECTOR SWITCHES. 

ALL THERMOCOUPLE WIRES ARE CARRIED BACK TO 
CoNSOLE IN PLastic TUBING 


the panel surface. The air is allowed to escape from the room through cracks 
between the panels, and eventually finds its way back to the dehumidifier. The 
final temperature of the infiltration air is controlled by allowing the condensing 
unit to operate continuously, and regulating the temperature of the air entering” 
the direct expansion coil by modulating the flow of glycol solution to the 
precooling coil. 

A sharp edged orifice is provided in the main duct to measure the quantity of 
infiltration air supplied. Blast gates are installed in each standpipe to control 
the air flow. 
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INSTRUMENTATION 


The Environment Laboratory has been provided with instrumentation to 
measure not only the temperatures of, and the rates of heat exchange at, all 
surfaces of the room, but also all factors which affect heat exchange. In 
addition, instrumentation has been provided to measure objectively those factors 
which are related to human comfort. It is anticipated that other instruments 
will be developed during the course of the experimental work. 

With few exceptions the sensing elements of all the instruments are of the 
thermocouple type. The lead wires are brought out to indicating and recording 
electronic-type potentiometers through a battery of selector switches. Both 


Fic. 11. INstruMENT CONSOLE WITH TEMPERATURE 
RECORDING AND INDICATING EQUIPMENT 


switches and potentiometers are arranged on a console type panel for convenient 
use by a single operator. (Fig. 10 shows a view of the rear of the console the 
front of which is shown in Fig. 11.). 

Surface Temperatures: Surface temperatures of the 74 panels and the door 
are measured by approximately 400 thermocouples of 26-gage copper-constantan 
wires. Each couple was installed in a 1/32-in. deep groove cut into the back 
of the panel. The junctions were made by flattening the ends of the wires, 
lapping the joint, and soldering. The junction and about 2 in. of lead wire 
were cemented into the groove with a procelain-type cement. A strip of linen 
cloth was placed between the wire and the bottom of the groove to insure 
electrical insulation. 

From each wall panel lead wires of equal length are carried in plastic tubing 
and connected to two terminal strips, where they are connected in parallel. Each 
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pair of terminal strips in turn is connected to a selector switch. Thermocouples 
on each of the floor and ceiling panels are paralleled at the respective panels; 
the pair of lead wires from each panel is connected directly to a selector switch. 


Each of the six room surfaces is provided with a metal sub-panel which 
carries the terminal strips and the necessary selector switches. These are 
mounted on the back surfaces of the console panel (see Fig. 10) with the switch 
shafts projecting through the panels. In this way the sub-panels could be 
handled separately for wiring and may be removed for changes or repairs, if 
required. Each sub-panel is enclosed by a removable housing of plywood, covered 
inside and out with aluminum foil. This provides dust protection and, in some 
degree, a region of uniform temperature. All selector switches are of the rotary 
enclosed-contact type. 


Each selector switch is connected to a master selector switch, which is in 
turn connected to an electronic indicating potentiometer, mounted in the center 
section of the console. This instrument (Fig. 11) is provided with two circuits— 
one for direct reading of temperatures through a cold junction compensator, the 
second for reading millivolts. Scale range is —1.0 to +4.0 millivolts. 


In addition, rotary switches are provided so that the thermocouples of a 
limited number of room panel combinations can be paralleled to give a single 
temperature reading. For example, if all eight panels of the south wall are 
being held at the same temperature, a single reading will average their tempera- 
tures. Or if three panels are held colder than the balance of the wall, to simulate 
windows, the temperatures of these three can be averaged and those of the 
remainder can be averaged separately. Temperatures of individual panels can 
be read at will by rotating the paralleling switch to the proper position. 


As an added precaution against temperature differences in two parts of a 
selector switch, each constantan wire is soldered to a copper wire which leads 
to the switch terminal. Likewise the common constantan lead wire from the 
switch is connected to the switch through a copper wire. When this junction, 
and the others so formed, are placed inside a metal sheath, the possibility of 
developing stray thermal emfs is avoided. The wiring which connects selector 
and paralleling switches is entirely of copper, which was found to develop 
substantially no emf with the switch contacts, in the presence of a temperature 
gradient across the switch. 


Heat Flow Meters: Heat exchange between each room surface and its 
environment is measured by meters, each 1114-in. square, of the type described 
by Benzinger.* Construction details of these meters together with calibration 
methods are described in another paper.* 

Control Panel: The console type control panel is shown in Fig. 11. In 
addition to the indicating potentiometer shown in the lower half of the center 
section of the console, a 16-point electronic recording potentiometer is installed 
in the upper half of the center section. This instrument has a range of —1.0 to 
+2.0 millivolts. The sub-panel on the extreme left carries a bank of 16 double-. 
pole double-throw toggle switches so that each sub-panel selector switch can be 
connected to the recorder. In this way the output of any heat flow meter or 
thermocouple or groups of meters or couples can be connected to the recorder. 


Air Temperatures: Thermocouples of No. 26 gage copper-constantan wire 
are used to measure room air temperatures at the 30 in. and 60 in. levels. 


152 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


Measurements are made near the center of each half of one long wall and one 
short wall, both of which will be used primarily as neutral or inside walls. 
These couples are 14% in. from the wall and correspond to commonly used 
thermostat location. A fourth pair of couples measures air temperatures at the 
center of the room. 


The temperature of the air entering the room as infiltration air through one 
or more of the six standpipes shown in Fig. 9 is measured by thermocouples 
in each of the pipes as well as in the main supply line at the metering orifice. 
The air quantity is indicated by the inclined manometer mounted on the right 
hand section of the console (see Fig. 11). 


Air temperature gradients are measured by four strings of No. 36 gage 
copper-constantan thermocouples mounted on movable stands. There are two 
strings of eight couples each for vertical gradients and two of five couples 
each for horizontal gradients. The dewpoint temperature of the room air is 
determined from wet and dry bulb temperature measurements in the return 
air duct. 


Air Motion: Air motion in the space is measured by a heated thermocouple 
anemometer of the type developed by Nottage.5 Since this instrument has some 
directional properties, the flow direction is first established by smoke streams. 
The instrument is mounted on a portable stand to facilitate making surveys of 
air motion in the room. 


Radiation Measurements: Instruments are provided for measuring mean 
radiant temperature, directional mean radiant temperature and resultant temper- 
ature. The mean radiant temperature is measured by means of a 6-in. globe 
thermometer with thermocouples as the sensing element, arranged as described 
by Houghten et al.6 In order to determine the variation in mean radiant 
temperature (MRT) with position, it is mounted on a portable stand. In 
addition it is planned to develop an instrument based on the principles described 
by Benzinger™ in order to make such traverses much more rapidly than can be 
done by the conventional slow-responding globe thermometer. The directional 
mean radiant temperature is measured by a radiometer type instrument described 
by Korsgaard.8 This instrument gives a result similar to that of the globe 
thermometer except that its view is from a flat surface. 


The resultant thermometer, also described by Korsgaard,® has a similar field 
of view. This instrument gives the indoor equivalent of the sol-air thermometer, 
i.@., its indication gives the combined effect of convection and radiation on the 
transfer of heat to or from a surface element at the location of the instrument. 
To the extent that the convection coefficient for the resultant thermometer can 
be related to that for the human body, the resultant temperature is a measurement 
of comfort conditions. 


CONVERSION FOR ENVIRONMENT STUDIES 


As already indicated, every effort was made, in preparing the design details 
for the present room, to provide facilities that would be readily adaptable to a 
wide variety of uses. The present room will make possible studies on heat 
transfer between heated and cooled surfaces and the space they enclose, and for 
that reason, it is probably unique. 
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To fully justify the cost in time and money, the present facilities should be 
converted into a true psychrometric or environment laboratory as soon as condi- 
tions permit. Although some of the steps that might have to be taken to 
accomplish this are not too clearly defined at present, certain steps are clear. 
Among these are the following: 


1, The erection of a partition to divide the space into two rooms. To do this the 
6-in. wide panels can be removed and any kind of partition, selected as suitable, built 
on the framing already in place. If a partition of aluminum panels is chosen, tees 
are already in place to connect the panel into the present piping system. No major 
changes would be necessary in the piping in and above the crawl space. Additional 
pumps, and certain changes to the piping in the lower laboratory, may be required; 
the extent of these changes would largely be determined by the design conditions 
chosen for each of the two rooms. 


2. Each of the two rooms would undoubtedly require a complete air-conditioning 
system capable of simultaneously controlling the temperature and humidity in the 
room. This would not mean the scrapping of existing equipment, but rather the 
installation of additional equipment. Cooling effect could be obtained from the 
present refrigeration equipment. Additional pumps would probably be required to 
circulate the chilled liquid. 

3. Conditioned air could be introduced into the rooms by substituting perforated 
panels for some or all of the present ceiling panels. Any other type of air inlet could 
be installed in either walls or ceiling. Exhaust grilles could probably be located in 
the new partition, or openings could be provided in the present walls with little 
difficulty. 

4. Most or all of the instrumentation provided for the present room would also prove 
useful for psychrometric rooms. Space is available on the instrument console for any 
additional instrumentation required and if more space is required the wings of the 
console can readily be spread and a wider center panel installed. 
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GAS IS AN IMPORTANT FACTOR IN THE 
THERMAL CONDUCTIVITY OF MOST 
INSULATING MATERIALS ¢ 


By F. B. Row.ey*, R. C. Jorpan**, C. E. Lunpt, anp R. M. Lanpertt 
MINNEAPOLIS, MINN. 


HERE ARE many conditions and factors which affect the thermal con- 
ductivity of insulating materials. Some of these are within the materials 
themselves, some are the result of conditions under which heat transfer takes 
place, and others are within the mechanism by which heat is transferred through 
the material. Some of the factors inherent in the material are structure, density 
and moisture content. Some of those which may be attributed to conditions 
under which heat is transferred are mean temperature and in some cases orien- 
tation of test sample: Most changes which affect the overall rate of heat transfer 
through the sample will also disturb the relationship between the amounts given 
off by radiation, convection or conduction. An analysis of the effect on the 
thermal conductivity of a given material caused by changing any one of the 
foregoing factors may thus become very complicated. For instance, increasing 
the density of a material may either increase or decrease its thermal conduc- 
tivity, depending upon the structure of the material and the range over which 
the density is changed. The moisture content will have a greater effect on the 
thermal conductivity of some materials than on others. Likewise, the orienta- 
tion of a sample, that is, the direction of heat flow through the sample, may have 
a major effect on some samples while on others there may be no effect whatso- 
ever. 
As is well known, heat is transferred through most insulating materials by 
a combination of conduction, convection and radiation. Any changes in the 
structure, density or moisture content of the sample or variation of test con- 
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ditions will usually affect differently the rates of heat transfer by the various 
methods. The overall effect may be one of increasing or decreasing the con- 
ductivity, but it does not show any basic reason for the change. 

The results of most researches relating to the variations in thermal conduc- 
tivity, caused by changing those factors which may be considered as within the 
material itself, or which may be caused by the setup of test conditions, have been 
evaluated on the basis of their overall effect on the thermal conductivity of 
a given type of material. Sufficient data have not been available to determine 
the effect of these changes on radiation, convection, and conduction, which 
make up the total heat flow. For instance, many investigations to determine 
the effect of density on the thermal conductivity of a given type of material have 
been made on the basis of its effect on the overall thermal conductivity without 
attempting to determine what part of the heat flow mechanism was affected by 
the change in density. 

The purpose of the program described in this paper was to set up test condi- 
tions and to provide apparatus by which that portion of the heat transferred by 
any gas within the sample could be eliminated, or at least controlled, and thus 
permit a more complete analysis of the conductivity of insulating materials as 
affected by some of the factors enumerated. 


MetuHop Usep 


The statement that heat is transferred through an insulating material by 
radiation, convection, and conduction, is based on the assumptions that this 
material has some open spaces between the solid structure and that these open- 
ings are filled with gas which will transfer some of the heat that would not be 
passed through if the gas were entirely eliminated from the space. While this 
portion of the heat is often classed as convected heat, in most cases the greater 
portion of it is transferred by conduction through the gas, and convection is a 
minor factor. In order to avoid confusion, the term gas transferred heat will 
be used in this paper to designate the total heat transferred by the gas within 
the sample. Since it is not possible to evacuate all of the gas from the cells 
within the sample, the studies must be confined to a reduction of the gas pres- 
sure to the lowest possible value. 

Apparatus for determining the thermal conductivity of materials under atmos- 
pheric conditions has been developed and standardized at the University of 
Minnesota and at other laboratories. In addition, some work has been done at 
the University of Minnesota to obtain the heat output from radiating surfaces 
when they were placed in a vacuum chamber. In the present study it was pro- 
posed to install the most practical refined thermal conductivity apparatus in a 
vacuum chamber in which the pressures could be reduced to a magnitude of 
0.1 microns of mercury and also in which the temperature could be reduced to 
—65 F. With this apparatus it would be possible to reduce to a minimum the 
gas transferred heat and with the comparative results, to evaluate this portion 
of the heat transferred as a factor in heat transfer through various types of 
materials. 


DESCRIPTION OF APPARATUS 


The test apparatus as designed and built is shown in Figs. 1 to 5. Fig. 1 
shows the assembled apparatus in position for the test. This shows the exterior 
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of the steel vacuum chamber, 4, which encloses the test plate shown in Figs. 
2, 3, and 4. On the framework above the vacuum chamber is an electrical 
hoisting apparatus used for handling the vacuum chamber. Underneath the 
table is shown an oil and mechanical pump. At the left on the wall is shown a 
vacuum gage and directly back of the table is shown the low temperature alcohol 
tank which supplies the cooled liquid for the cold plates of the test apparatus within 
the vacuum chamber. The 5 hp refrigerating unit, not shown in these illus- 
trations, is capable of reducing the temperatures to —65 F. 

Fig. 2 shows the vacuum bell chamber in an elevated position with the hot 
plate test apparatus underneath. As indicated in Fig. 5, the vacuum bell is 
heavily insulated. The rubber gasket used to seal the joints between the bell 
and the base is readily discernible around the steel base. All of the connections 
for the electrical heating elements, thermocouples, cooling liquids for the cold 
plates, and the vacuum connection from the chamber to the pump are carried 
through the base of the vacuum chamber by means of tightly sealed connections. 

Fig. 3 shows the thermal conductivity apparatus proper, with the edge insu- 
lating surfaces removed and with test specimens clamped between the heating 
and cooling plates. 

Fig. 4 shows the cooling plates separated from the central heating plate and 
with test specimens removed. As will be noted, the central or heating plate has 
been designed as a rather thin structure to give low heat capacity. It has been 
suspended by wires from the upper frame to prevent, as far as possible, any 
leaks of heat to the base or surrounding parts of the structure. The plate is 
designed for 12-in. square test specimens. The actual test area is 8 in. square 
with a 2-in. guard area around the outside edge of the test specimen. 

Fig. 5 shows a diagrammatic view of the section of the apparatus. Detailed 
drawings were too complicated to include in this discussion. While the thermal 
conductivity apparatus was designed and built on the principles previously 
developed in this laboratory, some changes and refinements were made to adapt 
it to the special program. 

All of the temperatures, electrical readings, etc., were taken by standard 
precision instruments. The potentiometer equipment, using copper constantan 
thermocouples, and the switchboards have not been shown. 


METHOD OF PROCEDURE 


As previously stated, the prime purpose of this investigation was to study the 
part played by gases on the overall heat transfer of the material under various 
conditions. The procedure was to select samples which would be typical of 
various types of materials and to study the thermal conductivity of the samples 
with gas within the pores at full atmospheric pressure, with gas within the pores 
at a reduced atmospheric pressure and with the gas eliminated to the fullest 
extent of the apparatus. Since it was possible to obtain the desired types of 
samples from commercial materials, this was done rather than to attempt to 
make up special non-commercial samples. In most cases, similar materials might 
have been obtained from other manufacturers’ lines; however, this did not seem 
necessary in order to arrive at the fundamental conclusion. 


Test MATERIALS SELECTED 


Due to the fact that the investigation of a single material required a con- 
siderable amount of test time, it was necessary to confine the selection to single 
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Taste 1—RepucTION IN THERMAL Conpuctivity Causep By EVACUATING 
THE AIR FROM VARIOUS MATERIALS 


100 F MEAN TEMPERATURE 
Thermal Conductivity, k 
MATERIAL Thick- 
Density ness Low Pressure 
Ib/cu ft Inches pheric Percent 
Pressure | Microns Hg k Reduction 
Air space— 

Copper surfaces... . 1 0.572* 0.07 0.1878 67.3 
Carepeere.......... 6.67 1 0.283 0.06 0.106 62.5 
ee 12.4 1 0.314 0.13 0.120 61.8 
a Pe 0.78 1 0.288 0.07 0.072 75.0 
er rr 1.53 1 0.257 0.12 0.052 79.8 
Sry ee 2.62 1 0.248 0.14 0.033 86.7 
Coarse glass wool..... 2.8 1 0.267 0.04 0.055 79.4 
Fine glass wool ‘‘A’’. . 0.58 1 0.2505 0.08 0.050 80.0 
Fine glass wool ‘‘A’’. . 1.94 1 0.2145 0.05 0.0195 90.9 
Fine glass wool “A”. . 3.8 1 0.211 0.11 0.012 94.3 
Fine glass wool “B’’. . 0.78 1 0.302 0.04 0.0665 78.0 
eS Aree 11.1 34 0.260 0.10 0.031 88.1 
0.26 1 0.366 0.10 0.091 75.1 
0.99 1 0.2445 0.10 0.0375 84.7 
HA 3.96 1 0.244 0.12 0.0175 92.8 
Mineral wool........ ae 1 0.258 0.05 0.037 85.7 
Silica Aerogel........ 8.6 1 0.1715 0.07 0.0255 85.1 
Special specimen. .... 3.1 1 0.231 0.09 0.0145 93.7 
Wood fiber board... .. 15.5 34 0.353 0.05 0.075 78.8 
Wood fiber.......... 3.5 1 0.2715 0.08 0.052 80.8 
Wood fiber.......... 6.9 1 0.277 | 0.09 0.033 88.1 


a Conductance. 


materials which would be typical of a class. The list of the materials is therefore 
not as extensive as the authors would have desired, but the results do show 
interesting comparisons between materials of different types. The materials 
selected and reported in this discussion were corkboard, cotton, glass wool, 
hair felt, kapok, mineral wool, silica aerogel, wood fiber, and wood fiber-board. 
In addition to these, a special test specimen was constructed by using eight 
sheets of aluminum foil between nine sheets of corrugated paper, the corruga- 
tions of alternate layers being at right angles to each other, and some work was 
done on air spaces bounded by the copper plates of the test apparatus and 
varying in thickness from %4 in. to 1 in. 

Corkboard and wood fiber-board were oven dried before testing. In the test 
they were clamped between the plates at the thickness desired for the test. All 
loose and flexible materials were tested on the as received basis, the proper thick- 
nesses being maintained by wood frames around their edges or by special spacer 
blocks placed in the corners of the test specimens. In order to get a good test 
sample, the kapok and loose wood fiber materials were repacked. The other 
samples were tested on the as received basis without repacking. : 


Discussion oF TEST RESULTS 


The comparison of test results, as given in Table 1 for various materials, for 
the conditions (1) with air pressures within the material at atmospheric pres- 
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sure, and (2) with air evacuated to the fullest extent of the apparatus, shows 
that in all cases a marked reduction in thermal conductivity was caused by 
evacuating the air from the sample. This reduction, as shown in the last column 
of the table, varies from 61.8 percent for corkboard to 94.3 percent for one of 
the glass wool samples. These results emphasize the significance of gas trans- 
ferred heat in most insulating materials. 

In general, the percentage reductions are greater for fibrous materials than 
they are for the non-fibrous materials. This may be explained by the fact that 
the fibrous materials tested have a higher percentage of their volumes occupied 
by air than is the case for cork as tested. Therefore, any changes in the con- 
ductivity of the air would have a greater effect on the total conductivity for the 
fibrous materials than it would for the non-fibrous materials. The importance 
of air volume is aiso emphasized on a smaller scale by the results for corkboard 
at different densities. For densities of 6.67 and 12.4 lb per cu ft, the percentage 
reductions in conductivity are 62.5 and 61.8, respectively. The percentage reduc- 
tion indicates the relative importance of the included gas as a factor in the overall 
heat transmissions through the samples. 

The test results are summarized in Tables 1 to 4, inclusive, and in the curves 
shown in Figs. 6 to 8, inclusive. 

It should be noted that the reduction in conductance for the one-inch air space 
is 67 percent; but if the heat transferred by radiation is subtracted from the 


TABLE 2—EFFect oF VERY Low GaAs PRESSURES ON THE THERMAL CONDUC- 
TIVITY OF VARIOUS MATERIALS 


100 F MEAN TEMPERATURE 
MATERIAL Thickness Density Pressure Conductivity 
Inches Ib/cu ft Microns Hg k 
Air space— 
copper boundary surfaces. . 1 — Atm®* 0.572 
0.10 0.245 
0.07 0.187 
0.0 0.145> 
1 6.67 Atm* 0.283 
0.08 0.121 
0.06 0.106 
0.11 0.0805 
0.07 0.072 
Fine glass wool............. 1 0.78 Atm* 0.302 
0.05 0.0695 
0.04 0.0665 
9.0 0.959 
3.0 0.0425 
0.02 0.037 


a Atmospheric pressure. 
b Calculated. 
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TasLeE 3—EFFECT OF PARTIAL ATMOSPHERIC PRESSURE ON THE THERMAL CON- 
DUCTIVITY OF VARIOUS MATERIALS 


(100 F Mean Temperature) 


SILICA 
Giass Woo_t—SamPLE A Kapok SAMPLE B AEROGEL 
DENsITYy, 16 PER CU FT 
0.58 1.94 3.8 0.26 0.78 8.8 

k k k p k k k 
29.0 | 0.250; 29.1 | 0.2145] 28.8 | 0.211 | 29.25} 0.358} 29.3 | 0.3800] 29.05 | 0.170 
19.2 | 0.249} 19.25} 0.2145] 19.2 | 0.2105) 19.3 | 0.358) 14.35] 0.299] 18.8 | 0.157 
9.1 | 0.249; 9.3 | 0.2125} 9.1 | 0.207 9.3 | 0.358 0.299} 9.0 | 0.139 
0.5 | 0.245) 5.0 | 0.2115) 5.0 |0.204 | 0.5 | 0.356 4.0 | 0.126 
0.5 | 0.1995} 0.4 | 0.180 0.43 | 0.101 


4 = pressure, in. Hg. 
= conductivity, Btu per (sq ft) (hr) (F deg per in.). 


conductance, the percent reduction is increased to 90. The special test specimen 
which was designed for high resistance to radiation gave a reduction of 93.7 
percent, thus indicating a very low percentage of radiant heat through the 
sample and a high percentage of air borne heat. 

While the percentage reductions as shown in Table 1 are for the most part 
very high, they show only the total reductions between the two extremes of 
pressure as tested, and do not indicate where, along the dropping pressure scale, 
these reductions may take place. In order to get some data in this area, tests 
were made on a few of the materials at variable pressures in the very low range 
and at variable partial atmospheric pressures. The test apparatus is not designed 
for good control between the ranges of 0.5 in. Hg and 1.0 microns of mercury. 
Therefore, it was not possible to explore this field. 


EFFECT OF PRESSURE CHANGES IN THE Low RANGES 


The results of tests on four typical materials plus the one-inch thick air space 
at variable pressures in the low range are shown in Table 2. While the ranges 
used are limited, they do show that changes are taking place rapidly in the low 
range and indicate that perhaps the greater part of the high reductions, as 
shown in Table 1, do take place at the lower pressure ranges rather than in the 
atmospheric pressure ranges. 


THERMAL CONDUCTIVITY AT PARTIAL ATMOSPHERIC PRESSURES 


The effect of partial atmospheric pressure on the conductivity of several insu- 
lating materials is shown by the results in Table 3 and by the curves of Figs. 
6 and 7. The effect on different widths of air spaces is shown by the results 
in Table 4 and by the curves in Fig. 8. 

There were two samples of glass wool designated as Samples A and B, 
respectively. While the fibers in both cases were rather fine, those in Sample A 
were more uniformly and loosely knit together than they were in Sample B. 
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Material in Sample A was tested at three densities: 0.58, 1.94 and 3.8 lb per 
cubic foot; while material in Sample B was tested at 0.78 Ib per cubic foot. One 
sample each of kapok and silica aerogel was used, the densities being 0.26 and 
8.8 lb per cubic foot, respectively. 

The conductivities for glass wool in Sample A show very moderate reduc- 
tions up to about one-third atmosphere, after which the drop off is very pro- 
nounced for the high density and very small for the low density, the medium 
density taking the position between the two extremes. For silica aerogel (test 
results shown graphically in Fig. 7), the thermal conductivity starts to drop 
immediately with a reduction in atmospheric pressure and the rate increases 
as the pressure is reduced. 


For glass wool Sample B, which had much larger air spaces than Sample A, 
there was a reduction in thermal conductivity of about one-half of one percent 


TABLE 4—EFFECT OF PARTIAL ATMOSPHERIC PRESSURE ON THE THERMAL COoN- 
DUCTANCE OF AIR SPACES BOUNDED BY TARNISHED COPPER 


(100 F Mean Temperature) 


WipTH oF Arr SPACE, INCHES 


0.251 0.511 0.777 0.990 
Press. Cndt. Press. Cndt. Press. Cndt. Press. Cndt. 
In. Hg a In. Hg a In. Hg a In. Hg a 
29.3 0.882 28.85 0.549 29.1 0.566 29.3 0.581 
19.3 0.883 19.5 0.518 19.4 0.470 19.8 0.490 
8.9 0.882 10.0 0.509 13.85 0.420 10.0 0.375 
0.5 0.891 0.5 0.513 9.3 0.394 0.5 0.333 
0.55 0.387 


caused by reducing the pressure from atmospheric to 0.5 in. Hg. For kapok, 
which appeared to have a coarser fiber than either of the glass wool materials 
and in which there were rather large air spaces, there was practically no reduc- 
tion in thermal conductivity caused by reducing the pressure from atmospheric 
to 0.5 in. Hg. 


For the low density wool, Sample A, Sample B, and kapok, it is evident that 
the greater part of the reduction in thermal conductivity caused by lowering 
the pressures is in the very low or sub-atmospheric ranges. For the higher 
densities of Sample A and for silica aerogel, there is a considerable reduction 
in the atmospheric ranges of pressure. 


Air spaces ranging in width from %4 to 1 in., and bounded by the tarnished 
copper of the testing plates, were tested under pressures varying from atmos- 
pheric down to approximately 0.5 in. Hg. The results of these tests are given 
in Table 4 and are also shown graphically in Fig. 8. As will be noted from 
Fig. 8, the conductance of the 44-in. air space is essentially independent of air 
pressure. The conductances of the 14-in. to 34-in. and the 1-in. wide air spaces 
are reduced by 6.5, 32.0 and 43.0 percent, respectively, as the pressures are 
reduced from atmosphere to about 0.5 in. Hg. These results can be explained by 
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a consideration of the kinetic theory of gases and the principle of heat transfer 
by free convection. 

The kinetic theory of gases predicts the conductivity of ideal gases to be inde- 
pendent of pressure except at very low pressures. This theory breaks down as 
the mean free path (the average distance between molecular collision) is of the 
same order of magnitude or longer than the path of heat flow. At lower pres- 
sures the conductivity becomes proportional to the pressure. The mean free path 
for nitrogen at 32 F is 3.3 X 10°6 in. at 760 mm of mercury pressure, 0.0025 
in. at 1 mm, and 2.5 in. at 1 micron of mercury pressure. In all cases the width 
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of the air spaces was greater than the length of the mean free path for the air 
under the condition as tested. 


Transfer of heat by free convection results from the difference in density due 
to temperature difference. Reducing the density by reducing the pressure would 
therefore reduce the amount of heat transferred by convection. 

Results for the 14-in. air space indicate that the heat transferred by convec- 
tion is negligible and illustrates agreement with the kinetic theory. It should 
be noted that the boundary surfaces of the air spaces were maintained at a con- 
stant temperature, thus tending to suppress convection currents. 
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CoNDUCTIVITY VARIATIONS WITH DENSITY 


Since heat is transferred through a material by conduction through the solid 
portions, by radiation through the open spaces and by any gas that is enclosed 
in the material, and since increasing the density of a given material changes its 
characteristics for heat flow by each of these three methods, there is no simple 
straight-line relation between density and overall conductivity which will apply 
to all different materials. 

Under normal conditions, the rate of heat transfer by conduction would be 
increased by increasing the density. The effect of density on the amount of 
heat transmitted through a sample by radiation will depend upon the relation 
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between density and open cells within the material. If the relation should be 
such that an increase in density would merely decrease the relative sizes of the 
open cells and therefore increase their number per inch of thickness, the effect 
would be to increase the resistance to radiant heat per inch of thickness. If, on 
the other hand, the change should be such that the cells were eliminated, the 
normal increase in the amount of heat transmitted by conduction might over- 
balance that due to radiation which was eliminated. 


A change in density will change the size and perhaps the number of gas 
cells within a material, which will, in some instances, have a marked effect 
on the amount of heat transferred by the gas. Since, as shown by the values 
in Table 1, the gas-transferred heat is often a very important factor in the 
overall heat transmission for insulating materials, the effect of density on the 
amount of gas-transferred heat through a specimen may become a dominant 
factor. If increasing the density of a material merely decreases the size of the 
cavities without reducing their numbers, this in itself should increase the resis- 
tance to gas-transferred heat. However, there is the relation between the 
length of heat traveled across a cell and the mean free path of the gas molecule 
which must be considered. The resistance to heat transfer by conduction through 
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a gas is proportional to the length of path over which the heat travels, providing 
that the length of this path is greater than the mean free path of the molecules 
of a gas. If the length of the heat path is less than the mean free path of the 
molecules, then the unit heat resistance becomes greater. For a material made 
up of fine closely-knit fibers or one having numerous small cells, an increase in 
density may reduce the size of the cells or the lengths of paths through which 
the heat travels within a gas to such an extent that the ratio between the length 
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of the heat path and the mean free path of a molecule is reduced to a point where 
it will materially reduce the amount of heat transmitted by the gas. 


The ratio between the length of path through which the heat travels in the 
gas and the mean free path of the gas molecule may be changed by changing 
the density of a material, as previously explained, or by changing the pressure 
of the gas through which the heat is transmitted. The mean free path for 
nitrogen at 32 F and 760 mm of mercury pressure is 3.3 X 10°6 in. If the pres- 
sure is reduced to 1 mm, this becomes 0.0025 in.; and when reduced to 1 micron 
of mercury, it becomes 2.5 in. Under most practical conditions, the rate of 
change in the ratio is much more pronounced for changes in gas pressure than 
it is for changes in density of the material. If this ratio is to be materially 
changed by a change in density, it is obvious that the air or the gas cells within 
the material must be relatively fine and such that they will be entirely collapsed 
by an increase in density. 

The effect of changing the density of a fine fibrous, closely-knit material 
through ranges of air pressure above 0.5 in. Hg is shown graphically in Fig. 6. 
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In this instance glass wool at three different densities was tested at pressures 
ranging from atmosphere to approximately 0.5 in. Hg. An increase in density 
resulted in a decrease in conductivity at all pressures used. 

The reduction in the rate of gas transferred heat caused by a reduction in 
gas pressure is shown graphically for glass wool A in Fig. 6 and for silica 
aerogel in Fig. 7. For the glass wool in Fig. 6 there was no material reduction 
until the pressure had been reduced to about 14 in. Hg. From this point on, 
the rate of reduction was much higher for the higher densities than for the 
lower densities. For the silica aerogel, a reduction of conductivity resulted for 
all reductions in gas pressure, for in this material it is evident that an increase 
in gas pressures would have increased the rate of conductivity through the 
material. 

In most cases, for insulating materials having coarse cells the reduction in 
thermal conductivity caused by a reduction of gas pressure is minor for pressure 
reductions down to 0.5 in. Hg. For the very low pressures of 0.1 microns, or 
below, there are in most cases material reductions. From an inspection of the 
curve in Figs. 6 and 7, together with the data shown in Table 1, it is evident 
that the rate of reduction in heat flow is very much higher for reductions in 
gas pressures in the low ranges of pressure. This appears to demonstrate the 
theory that the rate of heat transfer through the gas is reduced by a reduction 
in pressure after the mean free path of the molecule becomes greater than the 
distance over which the heat is conducted. For any practical material there is 
no dividing line at which this ratio becomes greater than one. However, as a 
material is compressed, or as the gas pressure is reduced, there are more and 
more of the gas paths traveled by the heat in which the ratio of the mean free 
path for the gas molecule to the length of path for gas travel is greater than 
one. Thus it appears that the rate at which the heat resistance is increased 
becomes greater in the lower ranges of pressure. 


DISCUSSION 


J. D. VerscHoor* and P. Greesrer*, Manville, N. J. (Written): The authors 
have added appreciably to the knowledge of heat transfer in insulations by the conduc- 
tivity tests on many materials at various air pressures. Unfortunately, the data were 
analyzed in a vague, qualitative manner, particularly the section entitled, Conductivity 
Variations With Density. The authors referred to kinetic theory in explaining these 
variations, pointing out in an indefinite manner that they are associated with the ratio 
of the gas heat flow path to the molecular mean free path. Actually, the relationship 
between gas conductivity and molecular mean free paths in insulations is well known 
and has been developed in considerable detail for several types of porous insulations. 
In view of this earlier work, 1» 2» 3 it seems that the analysis of the data could have 
been more positive and precise. 

Kistler? derived a relationship between conductivity and air pressure in silica aerogel 
in order to determine the pore size of this material from conductivity data at low 


* Physicist, Johns-Manville Research Center. 

1 Heat Transfer, by Max Jakob, John Wiley & Sons, Inc., New York, N. Y., 1949, p. 91 (Reference 
to work by Smoluchowski). 

2 Conduction of Heat in Powders, by W. G. Kannuluik and L. H. Martin, (Proceedings of the 
Royal Society (London), Vol. A 141, p. 144, 1933). 

3 The Relation Between Heat Conductivity and Structure in Silica Aerogel, by S. S. Kistler 
(Journal of Physical Chemistry, Vol. 39, p. 79, 1935). 
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pressures. We developed an expression for the effective pore size of a fibrous insu- 
lation as a function of insulation density, fiber diameter, and specific gravity of the 
fibrous material.4 The conductivity of fibrous insulations as a function of pressure 
was predicted from this pore size, and good agreement with experiment was obtained 
in measurements covering a wide range of pressures and insulation densities. In Fig. 6, 
the authors have plotted curves of conductivity vs. pressure similar to our curves on 
experimental glass fiber felts. It would have been desirable for the authors to have 
redesigned their test equipment to provide good pressure control in the 0.5 in. to 1.0 
micron mercury pressure range. It is this pressure region that is most interesting for 
studying the heat transfer mechanisms in practical porous insulations. Conductivity 
falls off rapidly with decreasing pressure in this region, and then levels off as gas 
conduction becomes negligible, approaching a value determined entirely by radiation 
in the pores and solid conduction. 


R. S. Dit, Washington, D. C. (Written): An important mode of heat transfer 
appears to be neglected in this paper, and the authors’ comment on it would be of 
interest. This is the conduction of heat through the substance of the insulation itself. 
In the paper the discussion implies that conduction of heat depends on the air spaces 
entirely ; but in the case of cork, for instance, there is obviously a continuous path of 
solid matter from the hot to the cold plate, and this substance has a finite conductance. 
This may account for the smaller effect of pressure reduction on conductivity for cork 
than for some of the other materials. For a fibrous material, few fibers need be 
expected to extend across the space between the plates so that conduction through the 
substance of the insulation must depend on contacts between fibers assisted, perhaps, 
by gas film forming thermal juncture at points of contact or contiguity. 


W. A. Dantetson, Raleigh, Tenn.: If an insulating material such as foam rubber 
were used, and it was not held between two plates but was free to expand, would the 
results differ? Then, from the practical standpoint, I wonder if that could be applied 
to airplane design, so that when it got into the higher altitudes we would get that 
increased insulation which is so often desired. 


G. V. Parmeter, Cleveland, Ohio: My question refers to the figures given for 
conductances of air spaces. I notice that the mean temperature in all of these tests 
was held at 100 F. I wonder whether or not the temperature difference across the air 
space was maintained constant for each of these tests. That has a bearing upon the 
circulation of air in the air space and may account for the crossing of the two curves 
for the wider air spaces. 


N. B. Hutcueon, Ottawa, Ontario, Canada: This paper presents still another 
important development in the experimental determination of heat transmission through 
materials, from a laboratory which is widely recognized as a leader in this field. 

It seems to me that the basic major difficulty under which we have been working 
in measuring the conductivities of the usual types of fibrous insulating materials has 
been our inability to describe the physical arrangements with which we are dealing. 
In any practical forms of such insulations to date, there is such a random arrangement 
of particles and pores or spaces that it is impossible to approach the problem adequately 
from an analytical point of view. I for one am not hopeful that we shall ever be able 
to do this for the types of material we presently use as insulators. It may be that as 
we develop more refined materials which have uniformity in their physical arrangement 
we may be able to use an analytical approach. In the meantime we must rely on tools 


4 Heat Transfer by Gas Conduction and Radiation in Fibrous Insulations, by J. D. Verschoor and 
P. Greebler, presented at the A.S.M.E. Annual Meeting, November. 1951, Paper No. 51-A-54. 
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such as the one described here to measure the overall effect of the indeterminate 
arrangement in terms of its effect on data such as the authors have presented. 

It was unfortunate that, as stated in the paper, the apparatus was not capable of 
producing controlled pressures in the range of 0.1 microns to 0.5 in. of mercury, and 
therefore we can only interpolate the data, but I would like to suggest that the 
variation in conductivity with changes in pressure will provide an interesting indication 
of the nature of the fiber arrangement. 

I think that apparatus such as that described will prove to be an extremely useful 
tool. There are already two other laboratories who are working along the same line. 

If we are going to exploit this new method fully, and it will undoubtedly start us 
on a new round of refinement in our approach to fibrous insulating materials, we must 
begin to do the best we can to describe the factors which determine the physical 
arrangement of all materials tested. 

We should, in reporting test data for mineral wool, for example, determine and state 
net fiber density rather than to give merely total density, including beads or shot, in 
pounds per cubic foot, as is usually done. Some thought should be given also to the 
possibility of measuring fiber diameters and of reporting them. 

Another factor pertinent to an adequate description of fibrous insulation from a 
thermal point of view is fiber orientation in relation to direction of heat flow. It is 
interesting to recall at this time that tests made at the Bureau of Standards in 1930 
show that orientation of mineral wool and flax fibers perpendicular to heat flow gave 
conductivities only half those of the same fibers oriented parallel to heat flow. Under 
the present standards for hot plate testing, both edge-fill and flat-pack methods of 
placing samples are accepted, making it possible to obtain variations of 10 percent or 
more in conductivity for some fill materials depending only on the method of placing 
used. 

The value of this paper will be increased if the authors can include some further 
description of the materials tested so that correlation of test data from various 
laboratories will be facilitated. 


AutHors’ CLosure (F. B. Rowley): Experimental work to evaluate the relative 
importance of the various methods by which heat is transferred through insulating 
materials has been in progress at Minnesota for several years. The work upon which 
the present paper was based was started about four years ago and the authors realize 
that there is much unfinished research for a complete solution of the problem. They 
wish to express their appreciation for the constructive remarks by those who have 
discussed the paper. 

Referring to the discussion by J. D. Verschoor and P. Greebler, the authors recognize 
the desirability of re-designing the apparatus to cover the ranges from 0.1 to 1.0 
microns of pressure as pointed out in their discussion. Such changes are now being 
made in the vacuum pump arrangements. 

R. S. Dill calls attention to the importance of conduction through the substance of 
the insulation itself. It was the intention of the authors to make clear the fact that all 
methods of heat transfer were considered, but, of course, the specific research work 
was confined to that part transmitted by the gases within the structure. 

In regard to W. A. Danielson’s comment on the possible expansion of the material 
under a vacuum, changes in thermal conductivity would undoubtedly result from expan- 
sion of the material but in the case of this investigation, the materials were confined 
between the plates and prevented from expanding as the pressures were changed. 

In answer to G. V. Parmelee’s question, I will say that the temperature difference 
across the air space was maintained at 50 deg throughout the test. 
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THERMAL PERFORMANCE OF FRAME WALLS 


By G. O. Hanpecorp*, OrTawa, AND N. B. HutcHEon**, 
SASKATOON, CANADA 


gf THE STUDY of the thermal performance of the exterior walls of build- 
ings under winter conditions, certain assumptions have been made to permit 
the application of simple theory based on uni-directional heat flow perpendicular 
to the wall. This has resulted in an approach to wall analysis from an overall 
average point of view, conditions being assumed to be uniform in the plane of 
the wall. Little attention has been given to departures from these uniform 
conditions resulting from the influence of convective heat transfer in walls with 
air spaces. 


Fig. 1 illustrates the possible effects of convection in the air space of a simple 
wall. Air in the space in contact with the warm side will become heated and 
will rise, increasing in temperature as it flows upward. Air next to the cold 
side of the space will lose heat and will fall, becoming progressively cooler as it 
descends. The circulation of air thus established within the space will result in 
a vertical variation in air temperature adjacent to the two bounding surfaces 
which, for purposes of discussion, may be represented by the curve in the figure. 


If it is assumed that ambient air temperatures are uniform over the wall, and 
that film resistances are constant with height, the rate of heat flow into the wall 
will be proportional to the air-to-air temperature difference across the inside 
sheathing. The rate of heat flow into the wall will therefore decrease with 
height. Similar reasoning may be applied to demonstrate that the rate of heat 
flow out of the wall, across the outside sheathing, will decrease from top to 
bottom. 


It is more than likely that ambient air temperatures on the warm side of a 
wall will also increase with height, however, thus tending to produce a still 
greater variation in air space temperatures. In addition, the film coefficient for 
natural convection from heated surfaces increases with height up to 2 ft and 
varies as the 5/4 power of the temperature difference, as shown by Wilkes and 
Peterson!. This variation in film resistance may also contribute to increased 
variation in the rate of heat flow into the wall. 


A still more serious condition may exist in walls insulated with foil curtains 
or blanket-type insulations where more than one interior air space is formed. 
When such insulations are installed in practice, it is unlikely that they are 


* Assistant Research Officer, Division of Building Research, National Research Council of Canada. 

** Professor of Mechanical Engineering, University of Saskatchewan. Member of A.S.H.V.E. 

1 Exponent numerals refer to References. 

Presented at the 58th Annual Meeting of THe American Society or HeattnG AND VENTILATING 
Enornegrs, St. Louis, Mo., January, 1952. 


171 


; 
‘ 
3 
4 
i 
‘ 
‘ 
; 
; 
’ 
3 
. 
4 


172 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


always sealed to surrounding structural members, particularly at the top and 
bottom. Even very small openings will permit air circulation between the two 
spaces since most of the air movement adjacent to a heated or cooled surface 
takes place within a fraction of an inch. If such a circulation exists, the inter- 
mediate membrane serves only as an interceptor of radiant heat and is essentially 
by-passed by convection. Depending on the extent to which radiant heat energy 
is absorbed and transmitted across the spaces, sheathing temperatures will be 
lower than if no insulation were present and air circulation may be increased. 
In such cases, an even greater vertical heat flow variation may be experienced. 
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In addition to these possible effects, the presence of gaps in intermediate 
membranes will result in an increase in overall heat transfer. This effect has 
been demonstrated by Rowley et al? for blanket type insulations, an increase of 
53 percent in overall heat transfer being reported when intentional gaps 1 in. 
in height were left at the top and bottom of the insulation. 

The present project was initiated by the Division of Building Research of 
the National Research Council of Canada, in cooperation with the University 
of Saskatchewan, to determine the importance of convection effects in standard 
frame walls with air spaces. The work is being carried out at the Prairie 
Regional Station of the Division at Saskatoon and this paper presents the re- 


sults obtained to date. 
Test APPARATUS 


A cross-sectional view of the test apparatus employed is illustrated in Fig. 2. 
It consists of a cold room-warm room combination in which panels up to 8 ft in 
height and 7 ft in width may be subjected to steady state heat flow conditions. 
The refrigeration equipment for the cold room includes a nominal 5-ton, single- 
stage, water-cooled condensing unit using monochlorodifluoromethane (F-22) as 
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the refrigerant. Three banks of nine plate-type evaporators are installed in the cold 
room, arranged in a unit as shown in Fig. 2. With this equipment, temperatures 
approaching —40 F may be maintained in the cold room, with a warm room tem- 
perature of 70 F. 

Forced circulation of air is provided over both sides of the test panel in the 
direction of natural air movement. This air flow is confined by a baffle on each 
side so that more uniform velocities over the panel surfaces are provided. On 
the warm side, fans and heating equipment are mounted on this baffle and the 
whole assembly is hung from an overhead track so that it may be swung away 
to provide access to the test panel. 

Control of air temperature in the cold room is accomplished by on-off opera- 
tion of the condensing unit in accordance with the temperature of the air leaving 


Controlled Heater 
Thermostat 


+— Baffle 


LD ROOM PANEL} WARM ROOM 


Compressor Thermostat Base Heater 


Fic. 2. Cross SECTIONAL VIEW OF WALL PANEL TEST APPARATUS 


the evaporator, coupled with a modulating by-pass damper arrangement respond- 
ing to the temperature of the air leaving the panel surface. This control 
arrangement results in air temperature over the panel being maintained to 
within 1 F. 

Temperature control in the warm room is provided by on-off operation of 
electric heaters supplemented by a manually-controlled base heater. A sensitive 
bi-metallic thermo-regulator is used as a controller, operating the heaters through 
an electronic relay. The base heater is adjusted manually using a variable volt- 
age transformer. Air temperatures are controlled to within 4% F with this 
arrangement. 


Copper-constantan thermocouples are employed for all temperature measure-. 


ments, using a precision potentiometer. Heat meters are used to determine heat 
flow rates, the thermopile emf being recorded with a chart recorder. In order to 
use this instrument for the purpose, a constant-temperature bias thermocouple is 
included in the circuit. All thermocouple and heat meter leads are carried out- 
side the apparatus and connected to a master switchboard. 
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A track is provided on the baffle covering the warm side of the panel in which 
a sliding heat meter support may be moved by an external cord. This support 
carries the heat meter by four spring loaded polystyrene rods which press the 
meter firmly against the wall surface when the baffle is in place. In this way 
a single heat meter is employed to traverse the height of the wall. 


TEsT PROCEDURE 


A single, basic wall panel 8 ft in height and 5 standard stud spaces in width 
was used throughout the tests. The various insulations tested were installed 
only in the three center stud spaces of this panel. Measurements were confined 
to the center space with the two adjacent spaces serving as guard areas. The 
4- by 8-ft plasterboard sheet covering these stud spaces was secured with wood 
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Fic. 3. TEMPERATURE AND HEAT FLOW VARIATION IN 
Watt No. 1—UNINSULATED 


screws so that it could be removed to alter or repiace the insulation for the 
different tests. 

In conducting a test on each sample wall, air temperatures on the warm and 
cold sides of the panel were brought to the desired level and were maintained 
at this point until constant temperature conditions prevailed throughout the wall. 
Under the steady state conditions, a heat meter traverse was made, the meter 
indications being recorded for a half hour period at each location. A record of 
this duration was found necessary to provide a good value for the average heat 
flow, in view of the substantial fluctuations which occurred in readings at some 
positions. At the mid-point of the test run, temperatures at approximately 50 
locations throughout the wall were measured and recorded. 

Air velocities over the panel surfaces were adjusted to reduce vertical air 
temperature gradients to an acceptable minimum. The velocities under these 
conditions were approximately 500 fpm on the cold side and 250 fpm on the 
warm side. These air flow conditions were maintained constant in all tests. 
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DESCRIPTION OF WALL TESTED 


The basic wall panel used throughout consisted of 34-in. plasterboard, 2- by 
4-in. studding spaced 16 in. on centers (actual dimensions 114- by 35-in.), 
25/32- by 10-in. spruce shiplap sheathing, building paper, and 6- by 14-in. bevel 
cedar siding. The exterior siding and sheathing and interior plasterboard were 
secured with wood screws rather than nails, and the siding was given one prime 
coat and two finish coats of white exterior paint to reduce air infiltration. In 
addition, the joints between framing and exterior finish were sealed with mask- 
ing tape. All spaces between the panel and the test opening were packed with 
wood fiber insulation. 

A total of eight different wall constructions was studied. Only four different 
forms of insulation were used, but further variations were introduced in certain 
details of application. The various panels are listed as follows: 


PANEL DESCRIPTION OF INSULATION 
NUMBER 
1 Uninsulated. 
2 Warm side of air space covered with aluminum foil. 
3 Single foil curtain creating two equal air spaces each faced one side with 
aluminum foil. Curtain sealed to all surrounding framing members. 
4 l-in. thick glass-fiber board creating two equal air spaces. Sealed to all 
framing members. 
5 2-in. thick mineral wool batt placed next to plasterboard to form one air 
space on cold side of insulation. 
6 Same as 5, except batt placed against sheathing. 
7 Same as 3 with 3%- by 1414-in. gap at top and bottom. 
8 Same as 4 with %%-in. by 141% in. gap at top and bottom. 
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Fic. 5. TEMPERATURE AND Heat FLOW VARIATION IN 

Watt No. 3—INSULATED WITH SINGLE Fort CurRTAIN 

CREATING Two Air Spaces. Fort SEALED TO SURROUNDING 
FRAMING MEMBERS 


The 1-in. glass-fiber board insulation installed in walls 4 and 8 was used to 
simulate a blanket insulation since its dimensions and its location in the wall 
were more strictly defined. 
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Test RESULTS 


Figs. 3 to 10, inclusive, represent a graphical presentation of the test results. 
Each of the figures illustrates the vertical temperature variation at different 
planes throughout the wall, and the corresponding variation of heat flow into 
the wall. In all figures, the following numbering system has been used to identify 
the temperature curves. 


CURVE LocaTIOoNn 
NUMBER 

1 Warm side, air 1 in. from wall surface. 

2 Inside surface of plasterboard. 

3 Outside surface of plasterboard. 

4 Air space, 34 in. from plasterboard. 

5 Air space, 34 in. from sheathing. 

6 Inside surface of sheathing. 

7 Cold side air 2 in. from wall surface. 


It should be noted that the thermocouples in the air space were placed at 
geometric locations rather than in accordance with air flow lines. For this 
reason they did not indicate precisely the variation in temperature of the circu- 
lating air. It is possible that the temperature gradients shown for these locations 
illustrate less severe conditions than actually occurred. 


The heat flow rates given were obtained from observed heatmeter millivoltages 
using the conversion data provided by the manufacturer of the instrument, with- 
out further calibration. 


Heat Fiow 1nto WALLS WITH AIR SPACES 
In all the walls tested in which the interior finish was exposed to an air space, 


the rate of heat flow into the wall decreased with increasing height. This general 


TABLE 1—PERCENTAGE VARIATION IN RATE OF HEAT FLow wiTH HEIGHT FoR 
WALLS wiTH AIR SPACES 


PERCENTAGE OF AVERAGE INSIDE— | APPARENT 
WALL AVERAGE Heat FLow DISTANCE OUTSIDE | AVERAGE 
HEAT From Bottom OF WALL TEM- TRANS- 
FLow —INCHES PERATURE | MITTANCE 
Bru/ Dir- Bru/ 
| FTHR FERENCE | FT?HR F 
No. Insulation | 6 | 18} 30| 42| 54] 66| 78} 90 F 
7 | Single Foil Curtain—%¢-in. gap 
top and bottom............ | 15.1 |229)131}106} 90} 77) 64) 53) 50) 103 0.183 
3 Foil Curtain—Sealed . 12.0 98} 98} 98] 83) 46 105 0.143 
8 | 1-in. board—3-in. gap top 
14.5 173|126)|107| 96} 84) 77) 69) 70 98 0.185 
6 | 2-in. batt—next to sheathing. . 7.9 |165}115)106) 94) 87) 83) 80) 71 102 | 0,096 
2 | Reflective surface—warm side, 
|146}117/110}108} 96) 91) 76) 56} 108 0.188 
9.3 130) 108) 104/105} 105} 102} 89) 59 106 0.110 
1 | Uninsulated................. | 21.1 98] 96} 93} 88} 103 0.256 
5 | 2-in. to 6.4 109] 98} 98) 97) 89 104 0.077 
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Fic. 7. TEMPERATURE AND Heat FLow VARIATION IN 
Wa No. 5—INSULATED WITH 2-IN. MINERAL Woot 


—AtIR SPACE ON CoLp SIDE oF INSULAT 


feature was in keeping with the simple analysis presented previously in the 


paper. This same variation was exhibited to a lesser degree 


from the increased heat flow rate measured at the 4-ft level. It was found on 
examination after test, that the sealing strip at the junction of the two 4-ft batt 
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lengths had become detached, and it is likely that some infiltration of air from 
the outer air space occurred at this discontinuity in the insulation. 

Table 1 is presented to facilitate comparison of the various walls as to vertical 
heat flow variation and overall average values. In preparing this table, the 
mean rate of heat flow into each wall was calculated from the curves of Figs. 
3 to 10 and the heat flow rates at different heights were expressed as percentages 
of this value. These percentages are shown in the table for the various walls 
arranged in order of decreasing magnitude in heat flow variation. It will be 
noted, however, that the heat flow into the bottom region of Walls No. 6 
and 8 was a greater percentage of the average than for Wall No. 3, although 
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the overall variation for these walls was not as extreme. Apparent overall 
transmittance values were also calculated by dividing the mean heat flow 
rate by the inside to outside air temperature difference and multiplying by a 
factor of 1.25 to bring them to closer agreement with accepted values. This 
factor for heatmeter readings on frame walls has been proposed also by Prof. 
E. R. Queer in a private communication. It will be noted that the transmittance 
for the uninsulated frame wall is thus brought very close to the accepted value 
for such a construction. The transmittances thus found are given in Table 1, 
together with the corresponding air-to-air temperature differences. Although 
ambient conditions were not exactly duplicated in all the tests, inside to outside 
temperature differences were sufficiently close to permit some general compari- 
sons to be made. 
It has been proposed by Prof. F. A. Joy, also in a private communication, that 
the conversion factors to be applied to heatmeter readings may vary with the 
resistance of the material between the heatmeter and the first air space encoun- 
tered in the wall. In view of the doubt which exists on this point it is necessary 
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to consider heatmeter readings carefully, even for comparative purposes, when 
there has been some change in the arrangement of materia: on which the heat- 
meter has been placed. This will apply particularly to the reading obtained for 
the Wall No. 5 arrangement, in which the mineral wool batt was placed against 
the back of the plasterboard. The other arrangement which might be questioned 
is that of Panel No. 2; in all other cases there was a normal air space immedi- 
ately behind the plasterboard. 

The effect of substituting a reflective foil for one of the surfaces bounding 
an air space in an uninsulated wall resulted in a decrease in the overall heat 
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transferred, but at the same time increased the variation in heat flow from top 
to bottom. The apparent transmittance at the bottom of the wall was, in fact, 
increased to a value greater than the average transmittance for the uninsulated 
wall. 

Wall No. 3, representing a wall with a single-foil curtain insulation, exhibited 
a greater vertical variation in heat flow than all other walls except for Wall 
No. 7 in which this same insulation was installed with gaps top and bottom. 
These results, when considered together with the performance of Wall No. 2, 
suggest that the effects of convection are more pronounced in walls insulated 
with reflective insulation. This feature is to be expected when it is considered 
that reflective insulation reduces radiant heat transfer to a minimum so that 
convective transfer predominates. Walls insulated with such materials will 
therefore exhibit the characteristics of convective heat transfer to a greater 
degree. 

The effect of gaps at the top and bottom of an intermediate membrane in the 
air space was to increase the extent of heat flow variation over that for similar 
walls in which no such openings existed. In the case of the foil curtain insula- 
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tion, these gaps resulted in an increase of 30 percent in the average heat flow 
into the wall while for the simulated blanket-type insulation the increase was 
approximately 68 percent. The average transmittance values for the two walls 
having improperly sealed insulations were approximately equal, however. 


In any consideration of the effects of openings in intermediate membranes 
in walls, the influence of gaps in exterior or interior coverings is also suggested. 
It would be expected that openings such as these would have a still greater 
influence on the thermal characteristics of a wall. For example, in Walls No. 7 
and 8, openings at the top and bottom of the exterior sheathing would result 
in cold outside air being induced into the wall by chimney action and the inside 
finish would offer the only protection against outside weather. It is not too 
unlikely that such gaps will exist in some cases since the trend in recent years 
has been to increase the permeability of outside portions of the wall to reduce 
the possibility of condensation. 

Gaps in interior coverings frequently result in practice from the installation 
of electrical outlets, and improper sealing around windows and doors. The 
effects of induced circulation may be even more serious in these cases since the 
air entering the wall will contain a considerable amount of moisture. These 
features, although not covered in the experimental work presented, are neverthe- 
less closely associated with convection in walls. 


The location of semi-thick batt-type insulation appears to affect both the 
variation in heat flow with height and the overall average transmittance. From 
a comparison of the test results for Walls No. 5 and 6, placement of such insula- 
tion at the warm side of the air space has advantages from both points of view. 
The lower average transmittance for Wall No. 5 cannot be readily explained 
and suggests that more extensive investigation of this phenomenon is required. 

Because of the extreme variations in heat flow resulting from convection, 
transmittance values obtained by application of small heatmeters at single points 
on a wall may be quite incorrect in the case of walls with air spaces. Full 
appreciation should be given to these disturbing effects in assessing performance 
data for hollow walls. 


TEMPERATURE DISTRIBUTION IN WALLS WITH AIR SPACES 


The temperature of the inside surfaces of walls is an important feature to be 
considered in the assessment of wall performance. Such temperatures are closely 
associated with the problems of surface condensation and dust marking, since 
both result from a lowering of surface temperature. Usually the temperature 
of the wall surface is calculated on the basis of simple theory employing the 
resistance concept. Since this method is based on the assumption of uni-direc- 
tional heat flow, considerable error results when it is applied to walls with air 
spaces. Calculation of inside surface temperatures in the usual way, based 
on a surface film coefficient of 2.7 as given in THe Gurpe* for a velocity 
of 250 fpm and using the average overall transmittance -values from Table 1, 
provides values in all cases which are higher than those found by test, even for 
the upper portions of the walls. The variations in temperature drop from air 
to surface as given by the differences between curves 1 and 2 in Figs. 3 to 10 


*Heatinc, VENTILATING, CoNnpDITIONING Gu1pE, published by THe American Soctery or Heatinc 
AND VENTILATING ENncrneers, 62 Worth St., New York 13, N. Y. 
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indicate in a general way the marked deviations in air film conductances with 
height. 

In all cases, inside surface temperatures varied a great deal more than would 
be expected, temperatures over the lower portions of the walls being consistently 
low. In the case of Wall No. 7, the effect of improper sealing of the foil curtain 
resulted in a surface temperature of approximately 35 F at the 6-in. level. Under 
such conditions, condensation on this area would result if humidities on the 
warm side exceeded 27 percent at 70 F. 

Temperatures of the inside surface of the exterior sheathing in the walls 
studied also departed widely from the uniform conditions usually assumed, as 
may be noted in Figs. 3 to 10. The temperatures of this surface are closely 
associated with the problem of condensation within walls and are, therefore, 
of considerable importance in any analysis of wall performance. 

In general, sheathing temperatures varied with height in a similar manner 
to temperatures of the inside finish and it is obvious that wide discrepancies 
will exist between actual values and values calculated by simple theory. 


CoNCLUSIONS 


From the results obtained in this preliminary study of air spaces in walls 
it is concluded that: 

1. The convective action within air spaces in walls has a much greater influence on 
the temperature distribution and heat flow pattern than is usually assumed. 

2. The variations in heat flow and temperature resulting from convection appear 
to be more pronounced in walls containing reflective insulation than in similar walls 
having normal surfaces. 

3. Improper sealing of blanket-type insulation, or reflective-curtain insulation, installed 
so as to create multiple air spaces, may result in an increase in both vertical heat flow 
variation and in overall transmittance. 

4. Presently accepted theory based on the assumption of uni-directional heat flow is 
entirely inadequate for calculation of temperatures in hollow walls. 

5. The use of small heat-flow meters to evaluate the overall transmittance of walls 
may lead to erroneous results unless a complete vertical traverse is taken. 
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DISCUSSION 


P. R. AcHENnBACcH, Washington, D. C. (WritTEN) : The authors have presented some 
very interesting information on the temperature distribution and heat flow in frame 
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walls containing air spaces. It calls to the attention of everyone that the evaluation of 
these walls from a heat transmission standpoint should not be oversimplified. 

An interesting investigation at the Eglin Air Force Hangar illustrating some of 
these same principles was described at an insulation symposium held recently by the 
American Society of Refrigerating Engineers. The walls of this hangar contain 13 in. 
of fibrous insulation with an air space on either side of the insulation. There were two 
membranes installed within the 13 in. of insulation to stop convection through it. 
However, thermocouples installed at regular intervals through the insulation in a test 
section indicated that considerable convection was taking place through the fibrous 
insulation with a corresponding increase in heat transfer. The temperature drop 
through the insulation was not uniform at either the top or the bottom of the wall 
as might be expected, but was approximately uniform at midheight. It has been 
recommended that the air space on the warm side of the insulation be eliminated. 

The results in this paper indicate that everything is against trying to attain comfort 
at the floor level in a building with hollow walls. Not only does the heat loss of the 
entire wall create a descending stream of cold air at the baseboard level, but the heat 
loss into the wall is greater at the bottom of the wall than at higher levels thus 
producing a colder surface near the floor to which the human body radiates heat. A 
solid wall, or a hollow wall filled with insulation would obviously have more nearly 
uniform heat loss from floor to ceiling. 

As suggested by the authors a multiplying factor less than 1.25 should have been 
used for wall No. 2 and a still lower value for wall No. 5 because the resistance of 
the heat flow meter itself had relatively less effect on the total resistance between the 
room air and the stud space for these two walls than for the other walls. Using a 
factor lower than 1.25 for wall No. 5 increases the disparity between the results 
obtained for that wall for which the 2-in. batt insulation was adjacent to the plaster- 
board and wall No. 6 for which the 2-in. batt insulation was adjacent to the sheathing. 

Two possible reasons why the 2-in. batt insulation was more effective on the warm 
side of the air space than on the cold side are suggested. When the insulation was on 
the cold side of the air space all of the insulation was below freezing so any water 
vapor that existed in or entered the wall from the warm side could freeze out in the 
insulation and reduce its resistance. When the insulation was on the warm side of the 
air space, water vapor or moisture would not remain in the insulation. 

The test results show that the greatest temperature difference between inner wall 
surface and the air in the stud space occurred at the bottom of the wall. When air 
films constitute the principal resistance at this level as in wall No. 6, the heat flow 
is proportional to the 5/4 power of the temperature difference. When the principal 
resistance at this level is a fibrous insulation as in wall No. 5, the heat flow is propor- 
tional to the first power of the temperature difference. Thus less heat enters the stud 
space per degree temperature difference in the latter case. This results in less 
stratification in the stud space and in a lower temperature difference between the 
stud space and the sheathing at the top of the wall where the transfer to the sheathing 
is a maximum. 

This paper illustrates the importance of good installation practices in the application 
of either reflective insulation or a fibrous insulation that creates multiple air spaces 
in a hollow wall. A board type insulatj-g or a reflective insulation applied over the 
studs would lead to less uncertainty abou. the effectiveness of the air films in the wall 
than insulation applied midway in the stud space. It is suggested that the authors 
might reword their conclusion No. 3 to make it clear that improper sealing of the 
insulation installed midway in the stud space does not make it worse than no insulation 
at all, but reduces the effectiveness of the multiple air spaces thus created. 


C. B. Brapiey, Manville, N. J. (Written): By a well designed experiment and by 
careful and intelligent analysis of their data the authors have arrived at conclusions 
regarding the thermal performance of walls which are of great importance and may 
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be accepted with confidence. Qualitatively, the conclusions may be applied to any cavity 
wall if care is taken to use the curves from the paper which most closely compare with 
the wall under consideration. It is interesting and very important to note the real 
difference in apparent average transmittance made by having the air space on the 
warm, instead of the cold side of the batt. If such details of the wall arrangement are 
carefully considered the data from this paper should be useful in qualitatively predicting 
the thermal behavior of a wall. 

Now that the authors have such an excellent piece of apparatus it is hoped that they 
will extend their studies to other wall constructions and methods of insulation. One 
question occurs to this discussor: Would the advantage of full thick insulation over 
a lesser thickness be greater or less than predicted by conventional methods? 


F. A, Joy, State College, Pa. (WritTEN): The serious damage resulting from gaps 
occurring in the application of insulation of certain types is a matter in which I am 
keenly interested. It deserves wide publicity to avoid unsatisfactory workmanship that 
can weaken public confidence in insulation. Two of the reported tests provided gaps 
open % in. at top and bottom. These defects are probably typical of actual jobs and 
the data show the increased heat flow and cold wall temperature that result. In one 
construction (simulated blanket-type insulation—one-inch board) these gaps increase 
the overall transmittance 68 percent. The overall transmittance includes wood sheathing 
and siding and other wall elements. 

May I suggest that we inquire how much damage these gaps did to the value of the 
insulation itself? The computation is simole. Using the figures reported, the thermal 
resistance of the 1 in. blanket properly installed is 5.2 units, and this drops to 1.5 units 
in the gap test. The insulation loses 71 percent of its value when so installed. 

This figure is not unreal. I can confirm it from a similar test in the guarded hot 
box. While the authors used a gap whose measure is 5.4 sq in., we have used much 
smaller holes and obtained a 75 percent loss of insulating effect with holes only half 
as large. The loss of insulating effect may not be the most serious result of such gaps. 
If the blanket carries an attached vapor barrier its value will be entirely lost. Some 
jobs survive without this protection but some others suffer. 

It may be added that a single hole or gap is not serious as a heat loss, but is very 
important when vapor barrier is considered. 


F. B. Rowtey, Minneapolis, Minn. (WrittEN): The authors have demonstrated 
some very important characteristics concerning the effect of vertical air spaces on the 
thermal conductivity of frame walls, especially the variation in conductivity for 
different positions on the surface as affected by these air spaces. These variations affect 
not only the rate of heat transmitted at different heights through the wall, but also 
affect the comfort conditions which may be expected from the wall. 

The authors have pointed out in their discussion the importance of carefully sealing 
the dividing partitions between vertical air spaces. They have demonstrated by tests 
the results of leaving free openings at top and bottom of these dividing partitions. It 
would be desirable to have more data showing what results might be expected from 
poorly sealed partitions, such as when the foil type of insulation is flanged between 
studs and stapled at intervals of 6 or 7 in. as is often done in practice. 

The authors point out the difficulty of calculating surface temperatures from film 
coefficients and state that calculated values are always lower than those found by test. 
This point was investigated as part of the cooperative research program at the 
University of Minnesota with the National Mineral Wool Association, the results 
being reported in Bulletin No. 18 of the Station, September 10, 1941. In these tests 
the average inside surface temperatures of an uninsulated frame wall were found to be 
as much as 5 deg lower than the calculated temperatures. There was also a difference 
depending upon whether the surface of the wall under test was facing a cold or a 
warm wall surface. 
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For the test made at Minnesota, the variations in inside surface temperature of 
plaster for an uninsulated wall from 5 in. above the floor to 5 in. below the ceiling was 
5 deg. For a similar wall the authors show a temperature variation of approximately 
20 deg. A part of this difference is undoubtedly due to the fact that in the Minnesota 
test the temperature difference between the two sides of the wall was 80 deg, whereas 
in the authors’ work the temperature difference was in the neighborhood of 111 deg. 
Naturally, the greater the difference in temperature, the greater the convection 
currents and thus the greater the temperature difference will be observed. 

The authors are to be congratulated for performing a worthwhile piece of research 
and for presenting the data in an understandable and usable form. It is hoped that 
they will continue further with this type of analysis, and that some of their results may 
find their way into practical construction. 


G. B. Wirkes, Cambridge, Mass. (WRITTEN): This paper warrants very careful 
scrutiny since some of the test results and conclusions vary considerably from what 
one experienced in this type of investigation would expect. 

The method used to measure the rate of heat flow is certainly open to argument. 
The authors state that Prof. F. A. Joy has, in a private communication, said that the 
conversion factors to be applied to heat meter readings may vary with the resistance 
of the material between the heat meter and the first air space encountered in the wall. 
1 would go much further than Professor Joy in this respect. The results of the tests 
in Table 1 illustrate this point. In the case of wall No. 6 with a 2-in. batt next to the 
sheathing, the U value is given as 0.096 but wall No. 5 with the 2-in. batt next to the 
plasterboard is given a U value of 0.077. Assuming there is no moisture migration or 
air infiltration, I can see no reason why the U values for these two walls should not 
be identical. In wall No. 6 the first air space encountered is next to the plasterboard 
while in wall No. 5 there is an additional 2-in. batt between the heat meter and the 
first air space making a big change in the thermal resistance between the heat meter 
and the first air space. It appears to me that the difference in these U values is 
probably due to erroneous indications of the heat meter. 

Confirmation of the statement that wall No. 6 and wall No. 5 should have essentially 
equal U values is shown by the temperatures measured inside of these walls during 
the tests. The temperature drop between the sheathing and the plasterboard for the 
two walls is nearly the same as shown in Figs. 7 and 8 but if the U values were 
correct one would expect a greater drop in wall No. 5 than in wall No. 6 since the U 
value for wall No. 6 is approximately 25 percent greater than that for wall No. 5. It 
would seem that either the thermocouples are not measuring the temperature correctly 
or the heat meter is not indicating the correct rate of heat flow through the walls. 
There is much more chance of an error due to the heat meter than one due to the 
thermocouples. 

Unfortunately, the authors give no detailed description of the heat meter used in 
these tests nor the name of the manufacturer. Under Test Results the authors state 
that The heat flow rates were obtained from observed heat meter millivoltages using 
the conversion data provided by the manufacturer of the instrument, without further 
calibration. In the next section, Heat Flow into Walls with Air Spaces it is stated 
that a multiplying factor of 1.25 is used to bring the transmittance values to closer 
agreement with accepted values. The statements in these two sections do not agree. 
The factor of 1.25 apparently gives a normal value for the uninsulated wall but this 
factor would vary in the case of other walls depending upon. the thermal resistance 
between the heat meter and the first air space. 

The air velocity of 250 fpm used on the warm side of the walls is obviously much 
greater than that found under normal conditions. 

In my opinion the standard guarded box test would give much more reliable results 
for this study with thermocouples placed anywhere within the wall to study temper- 
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ature distribution. While heat meters have their place in heat transmission work, they 
should be used with extreme caution, particularly if one is not familiar with their 
shortcomings. 


Avutuors’ CLosure (N. B. Hutcheon): It is very gratifying to Mr. Handegord and 
myself to see so much interest in the paper we have presented. It is also extremely 
gratifying to have a number of people who are recognized as authorities in this field 
confirm from their experience some of our general conclusions. 

Reference has been made to the heat meter with some doubt expressed as to the 
validity of the heat flow determinations made with it. The meter used was of the 
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multiple differential thermocouple type with the sensitive elements mounted between 
sheets of Phenolic resin to form a finished meter 4%4 x 4%4 x 3/64-in. thick. 

The paper is mainly concerned with the variations shown in thermal conditions from 
bottom to top in walls of various constructions. Since the implications of these 
variations are quite important it is proper to question whether they actually occur 
and are not due to the peculiarities of the heat meter or to the conditions of test. 
However, when horizontal blocking is inserted at mid-height of the walls, the pattern 
of temperature variation tends to repeat for each of the 4 ft heights. This is of 
considerable importance not only in supporting the heat meter readings, but also in 
relation to the guarded box method of test which has also been mentioned. We present 
in Fig. A the data which we have obtained by adding blocking at mid-height to panel 
No. 4. This may be compared to the data of Fig. 6. It will be noted that the original 
heat flow pattern over the 8 ft height is now substantially repeated in each 4 ft height 
with only a moderate reduction in the magnitude of the variation. A similar situation 
was found when Wall No. 8 was modified by inserting blocking at mid-height with % 
in. gaps in the insulation immediately above and below the 2 x 4 in. blocking piece. 
The data for this case now presented in Fig. B may be compared with that of Fig. 10. 


DISCUSSION ON THERMAL PERFORMANCE OF FRAME WALLS 187 


Since the heat meter traverse technique and the conditions of test external to the wall 
were maintained constant in these cases, the variations in readings produced by the 
insertion of blocking must be attributed to the changed thermal conditions in the wall. 
Whatever the complexities of the type of heat meter used we see no reason to doubt 
the value for comparative purposes of the readings of heat flow obtained by traversing 
any one wall vertically. 

The results just shown have serious implications not only in connection with the 
guarded hot box method of test but also with tests made in hot plates with air spaces 
present in the sample. They indicate the importance of blocking off the test area from 
the guard area in any test panel having an air space of appreciable thickness. Even 


AW. 


~ 


go 


/ 
PA] 
| 
VY \// 


oF BTU/FT HR 
40 30 20 10 O 10 20 30 405060 70 0 10 20 xX 40 


1 INCH BOARD, GAPPED 


Fic. B. TEMPERATURE AND Heat FLow VarIATION IN 
Watt No. 8 Biockep at Mip-HEIGHT 
(CoMPARE WITH Fic. 10) 


when this is done the conditions may not be made uniform and deviations in both 
temperature and heat flow may be expected across all horizontal blocking used to 
divide the air space. Under these conditions the achievement of the ideal thermal 
balance between test and guarded areas, which is implicit in both hot plate and guard 
box methods of test becomes difficult in practice, if not impossible. 

Professor Wilkes has drawn attention to the disparity between the apparent trans- 
mittances shown for the panel with the mineral wool batt on the warm side and the 
space on the cold side, and the panel in which the arrangement of air space and 
insulation were reversed. He suggests that the values obtained for these two walls 
should have been the same and that since they differ the heat meter data are necessarily 
in error. There are however at least two reasons why the conductances from plaster 
board to outer sheathing might be substantially different in the two cases. The radiation 
component of the heat transmission across the air space will be different because of 
the different temperatures involved in the two cases. In addition we would emphasize 
again that the data presented apply to a traverse made on a transverse plane inter- 
mediate between the studs. The complete heat flow pattern is three-dimensional and 
there is the possibility of a considerable difference in the influence of the studs in the 
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two cases which could quite conceivably create differences in both air flow and heat 
flow patterns at the center section at which measurements were made. 

Mr. Achenbach has given an example of a wall with 13 in. of insulation and an air 
space each side, indicating that air movement within a wall can produce marked 
variations in the heat flow pattern at various heights, and that the air does appear 
to move into the insulation. In this connection it is interesting to recall the arguments 
which seem to have been going on for a number of years about the effects of convection 
in fibrous insulation. It may be that in many cases where convection appears to be 
appreciable air spaces adjacent to the insulation are involved in the air movement and 
the situation therefore is somewhat different than in a full fill case in which the 
circulation of the air is confined entirely to the pores in the material. 

Professor Rowley in his paper* has shown hot plate data for an air space %4 in. 
thick which do not indicate that any serious convection took place. We wish to 
emphasize that all of the air spaces in our test panels were of the order of 1 in. or 
greater in thickness, as commonly found in frame wall construction. It seems 
reasonable that at some reduced thickness the vertical variations which we have found 
would be substantially eliminated. 

Mr. Achenbach mentioned the possibility that water vapor might have had an 
effect in producing differences as between the two panels insulated with rock wool 
batts. We do not believe that there was any appreciable effect as a result of the 
presence or the migration of water, although we must admit that the tests were not 
carried out under completely dry conditions. 

Mr. Achenbach suggests that it should be pointed out that the gaps in the insulation, 
while they had a marked effect on the thermal pattern did not make the situation 
worse than no insulation at all. While this is correct so far as overall transmission of 
heat is concerned, it is in our experience quite possible, through the application of 
certain types of insulation in ways which are considered normal, to produce cold spots 
on the inner wall surface lower in temperature than if no insulation were used at all. 

We had not wished to emphasize in the paper the absolute values obtained by the 
use of the heat meter. There is first the difficulty that the vertical traverses were con- 
fined to the center of the stud space whereas the average values for use in design 
should be based on a complete traverse of a vertical unit strip of wall area to include 
the effect of the stud. There is also the difficulty of determining the correction to be 
applied to the heat meter readings as suggested in the paper and as discussed further 
by Professor Wilkes and Mr. Achenbach. Despite these reservations, it is interesting 
to compare the apparent average transmittances obtained for Walls Nos. 2, 7 and 8. 
The latter two walls had intermediate curtains, one reflective and one non-reflective 
but insulating, and with gaps top and bottom so that convective circulation between 
the warm and cold sides was permitted. The transmittances found for Walls Nos. 7 and 8 
were for all practical purposes identical with that of Wall No. 2 which had only a 
reflecting surface back of the plasterboard. These results suggest very definitely that 
in all three cases the insulation as installed, regardless of type, accomplished the same 
result, namely to reduce to a low value the influence of radiation in transferring heat 
from the plasterboard to the sheathing, leaving the convective heat transfer relatively 
unaffected. Professor Joy’s comments that substantial reductions in the effectiveness 
of the insulation had been achieved with much smaller areas for leakage than the 
3 x 14% in. slots used here provide further evidence of the freedom of convection. 
We shall certainly be most interested. in future work, to determine as Professor 
Rowley suggests, the effect of varying the edge seal conditions in blanket installations. 

Mr. Bradley has raised the question of the merits of full thick insulation over a 
lesser thickness. We have no reliable evidence as yet that the average transmittances 
as predicted by conventional methods are greatly in error, so long as circulation of air 
between air spaces is prevented. 


* See page 155. 
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ENVIRONMENT—FIRST HOT MOIST AND 
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This paper is the result of research sponsored by THE AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS and by the 
United States Public Health Service in cooperation with the 
University of Illinois, College of Medicine, Chicago, Ill. 


HE PAST studies have defined the physiological changes induced in normal 

young men dressed in cotton union suits who were suddenly exposed to 
radically different atmospheric environments! 2. The subjects were dressed in 
union suits for simplification of the experiments and accuracy of measuring skin 
temperature. The necessary physiological adjustments were made readily and 
without evidence of strain. The experiments were extended to cover subjects 
with various degrees of cardio-vascular impairment. These cardiac patients also 
withstood the stresses imposed readily and without evidence of physiologic 
strain. 

The present experiments have used normal subjects dressed in summer weight 
clothing and will make it possible to compare the physiologic changes induced 
in a subject in one layer of clothing (union suit) with those in multiple layers 
of clothing (summer weight clothing). In the experiments, subjects were ex- 
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posed suddenly to a hot humid environment in which there were no air currents 
and in which the temperature of the air and walls was maintained at 98.5 F 
with a 66 percent relative humidity. After completion of the experimental period 
of one or two hours they were returned for a period of one hour to a comfortable 
room maintained at 76 F with either 30 or 80 percent relative humidity. 
During the stay in the hot room the sweat accumulated in the various layers 
of the clothing ; water was evaporated from the surfaces. All the heat was neces- 
sarily lost by vaporization. When the subjects were returned to the comfortable 


TaBLE 1—PuHysICAL MEASUREMENTS OF SUBJECTS 


SuBjJEcT Grovup* AGE WEIGHT HEIGHT AREA 
Years Lb In Sq Ft 

C.A us 174 7 5 
. Se us 23 139 71% 19.5 
SAS us 19 130 6914 18.4 
ais we us 23 152 65% 18.9 
E.M us 22 150 73% 20.6 
W.P. us 23 167 20.3 
ees us 20 134 72 20.5 
us scl 25 161 71 20.7 
| Sa scl 24 139 69 18.8 
scl 23 189 72 22.6 
scl 22 180 7 21.4 
scl 21 165 71% 20.5 
eee scl 21 167 73 21.1 
R.W.. scl 21 141 6814 18.8 
Average scl 22.4 163 70% 20.5 
us 23.1 153 70 20.0 


a US indicates subjects participated in experiments wearing union suits. Sel indicates subjects 
participated in experiments wearing the summer clothing assembly. 


room they were encased in sweat laden clothing from which vaporization was 
accelerated by the reduced moisture content of the air. 

These studies define, under experimental conditions, the physiologic experi- 
ences of people dressed in summer clothing leaving and entering air-conditioned 
spaces in the summer time. 


SUBJECTS AND CLOTHING 


Healthy young men whose physical measurements are given in Table 1 par- 
ticipated in the experiments. The experiments were divided into two groups 
differing only in the amount and type of clothing worn by the men. In one 
group the men wore long length, 90 percent cotton with 10 percent wool, knitted 
union suits, designated US, and wooden sandals; in the comparative group they 
wore a summer clothing assembly, designated Scl, consisting of a two-piece 
tropical worsted wool suit (Fig. 1), cotton shirt, socks, belt, tie, shoes, and short 
length light weight cotton underwear (Fig. 2) which carried the thermocouples. 
The weight of the clothing alone, i.e., exclusive of thermocouples, wooden san- 
dals, shoes or belt, was approximately 3 Ib 9 oz for the summer clothing assembly 
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and 1 Ib for the union suit, respectively, in an atmosphere of 76 F with a relative 
humidity of 30 percent. 

Observations, environmental conditions, procedure and method of statistical 
analysis of data have been previously detailed?. 


Fic. 1. Supyect WEARING SUMMER CLOTHING ASSEMBLY 
AND SEATED IN A TROEMNER BALANCE 


HEAT Exposure 


Immediately upon exposure to the hot environment, the heat regulatory 
mechanisms were activated and made adjustments to the new environment, as 
evidenced by a sharp rise in mean skin temperature, with the subsequent onset 
of visible perspiration (Fig. 3). 

The magnitude of the increase in mean skin temperature in the first 10 min 
was related to the environmental conditions of the previous exposure as shown 
in Table 2. When the heat exposure was preceded by a dry environment (30 
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percent relative humidity), the mean skin temperature rose 4.5 and 3.4 deg in 
10 min for men dressed in the union suit and summer clothing, respectively. 
When the previous environment was humid (80 percent relative humidity), the 
increases were 3.8 and 2.7 deg, respectively. The 1.1 deg lesser increments of 
skin temperatures change, the differences of which are statistically significant 


Fic. 2. Cotton UNDERWEAR OF SUM- 

MER CLOTHING ASSEMBLY SHOWING 

THE THERMOCOUPLES SEWN '™NTO THE 
MATERIAL 


(P<0.001), are attributed to the greater insulation offered by the summer 
clothing assembly and to the large mass (Scl) to be heated. 


The influences of relative humidity of the previous environment continue to 
be evident during the course of the heat exposure. After leaving a dry environ- 
ment the skin surface temperatures in the hot room, for subjects wearing more 
insulation, rose to levels of 0.9 deg higher at the end of an hour. This difference 
increased to 1.4 deg by the end of the second hour. When the previous environ- 
ment was humid, the skin temperatures, which did not appear to be different at 
the end of one hour, were higher with summer clothing by 0.7 deg over the 
union suit at the end of the second hour. 

The rectal temperature response on entering the hot environment was identical 
in subjects wearing both types of clothing’ *- 3. There was the customary initial 
decrement of 0.14 deg which occurred within 10 min (Fig. 3). The subsequent 
course of the rectal temperature was similar for the hour; however, at the end 
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of two hours, the rectal temperature had attained levels of 0.41 deg higher in 
men wearing the summer clothing assembly than those with the union suit. 
The subjects dressed in summer clothing showed visible perspiration on the 
forehead in about 4.6 min after entrance to the heated room following exposure 
to a dry environment. Sweating appeared about 6 min later in men wearing 
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Fic. 3. CHANGES IN MEAN SKIN AND 

RECTAL TEMPERATURES AND THERMAL 

SENSATIONS OF MEN DRESSED IN 

SUMMER CLOTHING AND UNION SuITs 

Durinc AN Hour 1n A Hot Room 

AFTER HavinG BEEN EXPOSED TO A 
Dry CoMFoRTABLE RooM 


union suits. No differences in the time of onset of visible perspiration could be 
found when the previous exposure was humid. 

The rate of heat loss by vaporization during the first hour in the hot room 
was 0.52 and 0.37 Calorie per (min) (sqm) for men wearing union suit and 
summer clothing, respectively, if these men were previously exposed to a dry 
atmosphere; the rates were 0.50 and 0.38 Calorie per (min) (sqm) respectively, 
when the previous environment was humid. During the second hour in the hot 
humid room, the evaporative rates were not affected by the added clothing. 

Although additional clothing led to measurable differences, the subjective 
thermal sensations of the men entering the hot room were the same whether 
they were dressed in union suit or summer clothing. Moreover, the subjective 
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thermal sensations during the one and two hours exposure continued the same 
regardless of the differences in clothing. 


AFTER HEAT Exposure 


The physiological adjustments imposed by the sudden return to a comfortable 
environment from a hot room were affected by the insulation offered by the 
clothing and the moisture it contained. 

The amount of moisture found in the clothing five minutes after leaving the 
hot room was greater for the two hours than for the one hour heat exposure 


TaBLeE 2—MEAN SKIN TEMPERATURES OR TEMPERATURE CHANGE (F) FoR 
Union Suit anp SuMMER CLOTHING GROUPS 


30 PERCENT 80 PERCENT 
RELATIVE HuMIDITY RELATIVE HUMIDITY 
TIME OF OBSERVATION 
Ss Union Suit | Summer Cloth Union Suit | Summer Cloth 
KIN TEMPERATURES 
Hours of Hot Room Exposure Hours of Hot Room Exposure 
1 | 2 BE. 
Before leaving Comfortable 
92.1 93.3" 92.5 93.2% 
After entry to Hot Room 
< 10min (rise)......... 4.5 3.48 3.8 2.7% 
60 min (temp)....... 96.8 97.78 97.2 97.2 
120 min (temp) . — 97.2 — 986°; — 97.2 — 97.9 
After return to Comfortable 
Room 
<10 min (drop).. a 6.3 6.8 4.5° 4.08 4.7 5.0" 3.2 2.7% 
<10—20 min (drop). oer 0.7 1.4 1.0 1.4 0.7 1.1 0.7 1.3 
<20—60 min (drop)... . 0.2 2.3 1.6 1.6 0.9 1.8 1.8 2.0 
60 min (temp)........ 89.6 86.7 90.6 91.6 90.9 89.3 91.5 91.9 


a Differences are statistically significant between averages of union suit and summer clothing groups 
for the corresponding conditions. 


and also greater with the added insulation. The amounts averaged 490 and 200 
grams for the summer clothing and union suit, respectively, after a one hour 
stay in the heat; 910 and 390 grams, respectively, after a two-hour stay in the 
heat (Table 3). 


The succeeding observations are governed by the quantity of water trapped in 
the clothing. The heat loss by vaporization occurring over a period of from 
five minutes after leaving the hot room to the end of the hour was the same 
regardless of the types of clothing compared. The average rates of evaporative 
heat loss during the 55 minute period regardless of the relative humidity of the 
environment were 0.68 and 1.03 Calorie per (min) (sqm) after one and two 
hours heat exposure, respectively, for the men wearing summer clothing. This 
is in contrast to 0.28 Calorie per (min) (sqm) which the men lost dressed in 
the same summer clothing while seated in a comfortable room prior to heat 
exposure. On the basis of the amount of available moisture, there is less vapori- 
zation per gram of water when the men were dressed in the summer clothing 


| 


PHYSIOLOGICAL ADJUSTMENTS OF CLOTHED HuMAN BEINGS, BY HICK, ETAL 195 


than in the union suit. The differences were 0.0021 and 0.0016 Calorie per 
(min) (sqm) (gram of available moisture) in the dry and humid environments, 
respectively. 

The course of the body surface cooling was less abrupt upon leaving the hot 
room when the subjects wore the summer clothing (Fig. 4). The decrements of 
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Fic. 4. CHANGES IN MEAN SKIN AND 
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mean skin temperature in 10 min after a one and two hour heat exposure were 
1.8 and 2.8 deg, respectively, less when the men wore summer clothing and were 


in an environment of 30 percent relative humidity; the differences were 1.5 and 


2.3 deg, respectively, when the cooling proceeded in an environment which was 
humid (Table 2). These effects of added clothing were statistically significant. 
As in previous studies with the men dressed in union suits, the skin temperature 
decrements in 10 min were statistically significantly larger in the dry than in the 
humid environments. 
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Skin cooling was routinely followed for 60 min in the comfortable room after 
the heat exposure. The mean skin temperatures fell at first rapidly then more 
slowly throughout the hour. The only exception was in the group wearing union 
suits and with an hour of heat exposure averaging 170 grams of water trapped 
in the clothing and returning to an environment of 76 F with a relative humidity 
of 30 percent. This exception showed cooling complete in 20 minutes and the 
mean skin temperature stationary for the remainder of the hour. 

The effects of added clothing were not reflected in any differences in the rectal 
temperatures. Immediately on leaving the hot room, the rectal temperature 
increased 0.17 deg and thereafter decreased gradually. 

Thermal sensations on entering the comfortable room were the same whether 
the men were dressed in summer clothing or in union suits. They all felt cool 


TasBLe 3—EvaporaTiIvE Heat Loss Arter HEAT EXPosuRE 


AVAILABLE MoIstuRE | RATE OF EVAPORATION | RATE OF EVAPORATION 
AT 5 MIN DurRItnG 5-60 MIN 5-60 MIN PER @ PER 
RELATIVE HuMIDITY om? b 
Us Sel US Sel US Sel 
percent grams Calorie /min/m? Calorie/min/m?/2 
1 Hour Heat Exposure | 
30 170 510° | 0.71 0.80 | 0.0046 0.0017" 
80 230 470" | 0.66 0.56 | 0.0031 0.0012* 
2 Hour Heat Exposure 
30 380 870" 1.00 1.22 | 0.0028 0.0014* 
80 400 950" 0.79 0.84 | 0.0022 0.0009" 


a Differences between averages of union suit and summer clothing groups are statistically significant. 

b Rate of evaporation 5-60 min per @ per m? represents the rate of evaporative heat loss per minute 
per square meter per gram of available moisture, designated by @, 5 min after leaving the hot room. 

The rate of evaporative heat loss of men wearing union suits in an environment of 76 F with either 
30 or 80 percent relative humidity was 0.28 Calorie per (min) (sqm). When the men were dressed in 
summer clothing assembly, the rate was 0.30 Calorie per (min) (sqm). 


regardless of the clothing, the amount of water it contained and the humidity 
of the environment. The initial coolness was followed by a feeling of less 
coolness during the hour. 


CONCLUSIONS 


On exposure to a hot humid environment, the subjects perspired freely so 
that at the end of the first hour the moisture content averaged 490 and 200 
grams for the summer clothing and union suit groups, respectively; at the 
end of the second hour 910 and 390 grams for the respective groups. The rectal 
and skin temperatures attained slightly higher levels with the added clothing 
by the end of two hours. 

On moving from the hot room to the comfortable environment, all subjects felt 
cool. The skin cooling was less rapid with the added insulation in spite of the 
greater amount of moisture it contained. The amount of evaporation during the 
hour was the same regardless of the clothing. 

The men dressed in standard summer clothing withstood the sudden changes 
in environment readily and without evidences of strain. The adjustments were 
made with as much ease as by those men dressed in union suits. 
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DISCUSSION 


Lester T. Avery, Cleveland, Ohio: It should be pointed out that this paper is one 
of a group which comes as a result of the cooperative research program carried on by 
our Society and the University of Illinois Medical School. This work on physiological 
research is partially sponsored by the United States Bureau of Public Health and the 
authors have presented a number of papers before our Society dealing with the various 
steps in this research program. 

We should remind you that your Society has a Technical Advisory Committee on 
Physiological Reactions which is active in promoting the various physiological research 
programs and investigations of interest to our profession. 

It appears that the authors have shown us the human wet bulb. When you examine 
the data that they have shown in their charts on the difference between the body in the 
union suit and in the loose clothing you can see the difference between the individual 
as a wet bulb and as an ordinary human being in loose clothing acting as a partial 
insulator. It is interesting to see that these corroborate the family doctor’s recom- 
mendations that when the weather is hot we should loosen clothing and let the air 
move around a bit. 

1 would like to suggest that these papers should either include reference to effective 
temperatures or we should, as a Society, decide that effective temperature is removed 
from our field of activity and our literature. 

If we think in terms of zones the 76 F, 30 percent relative humidity is about 68 F 
effective. I do not have my charts here but I believe that is close to the bottom of 
what we consider the comfort zone and the 76 F, 80 percent relative would, I believe, 
be around 71 F effective temperature so that we are still in the same zone, the 
difference being changes in relative humidity at constant dry bulb. I think it would 
help all of us if we could confirm with these tests that effective temperature is a useful 
tool or that we must re-do the effective temperature curves in our Laboratory so that 
we can trust them and use them. 

I would also suggest that in view of the fact that many of our engineers are not 
familiar with the calorie-gram method of nomenclature that we should include in these 
papers the grains of moisture or pounds of moisture with which we are now familiar. 


It is a little confusing to think in terms of two nomenclatures in the same paper. 


W. A. Dantetson, Raleigh, Tenn.: I note that the paper shows a union suit with 
90 percent cotton and 10 percent wool. When I was a youngster a man werking in a 
hot environment wanted to have a pure wool suit if possible. I am wondering if the 
wool which will absorb, as I understand it, about 30 percent moisture as against 12 
percent for cotton were increased, what the effect would have been. 
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AutHors’ CiLosure (F. K. Hick): I would like to comment on General Danielson’s 
remark about the use of wool. Military experience during the war, when large 
numbers of men brought up in the temperate zone worked in the tropics, confirmed 
some of the writings of anthropologists as summarized in Newburg’s books, that if 
you are working in hot weather, the best costume is no costume. Anything that you 
have to do that interferes with heat loss as an insulation phenomenon is a handicap 
rather than a help. 

The suggested use of English terms is very well taken. I will attempt to see that 
these are included in future publications. 

The possibility of the use of effective temperature on these things can be handled 
in this data by separate graphs, of course. It seems to me that if we were to include 
the data, then people who wished to interpret it carefully in terms of effective tempera- 
ture could do so equally well. Inasmuch as we receive, to some extent, the support of 
the Society, perhaps such data should still regularly be included. 


No. 1448° 


WARM-AIR PERIMETER HEATING 
Temperature Drop in Ducts Embedded in Concrete Floors }—Part II 


By J. R. Jamigeson*, R. W. Roosr**, S. Konzo***, 
AND H. T. Girkeyff, Urpana, 


Ppa camera perimeter heating system provides one means for obtaining 
warmer floors in homes built with concrete floors laid directly on the 
ground. In this system, the warm air from the furnace is delivered through 
sub-floor feeder ducts to the perimeter duct which is embedded in the floor along 
the outer walls. All of the heated air leaves the perimeter duct and enters the 
rooms through registers located under windows and in other areas where the 
heat losses are high. Thus, heat is supplied to the rooms by convection from 
registers and by a combination of radiation and convection from the heated 
floor surface. 


In order to design a perimeter heating system properly, it is necessary to 
have data concerning the rate of heat emission from the floor surface over the 
perimeter and feeder ducts, the magnitude of the heat losses through the edge 
of the floor slab and to the ground, and the decrease in duct-air temperature 
as the air flows from the furnace to the various registers. It is also desirable 
to have information on the effect of such variables as floor coverings, types of 
registers and fittings, size of windows, etc., upon the performance of the com- 
plete system. 


The discussion in a previous paper! has included the overall objectives of 
this investigation, a description of the laboratory, the floor surface temperatures 


4 This Chapter, together with Chapters 1449 and 1450, was presented as a group because of the 
relationship of their subject matter. Discussors were invited to withhold their comments until the 
three papers had been presented. Discussions of this Chapter and Chapters 1449 and 1450 appear at 
the end of Chapter 1450 on page 250. 

+ This investigation is a part of the cooperative project jointly sponsored by the Engineering 
Experiment Station of the University of Illinois and the National Warm Air Heating and Air Condi- 
tioning Association, and is the second of a series dealing with a research investigation conducted in 
the Floor Slab Laboratory at the University of Illinois. 

* Research Associate in Mechanical Engineering. University of Illinois. Junior Member of 
A.S.H.V.E. 
oe riz Assistant Professor of Mechanical Engineering, University of Illinois. Associate Member 
of A.S.H.V.E. 

*** Professor of Mechanical Engineering, University of Illinois. Member of A.S.H.V.E. 

++ Research Assistant in Mechanical Engineering, University of Illinois. 

1 Exponent numerals refer to References. 

Presented at the 58th Annual Meeting of Tue American Society oF HEATING AND VENTILATING 
Enarnerrs, St. Louis, January 1952. 
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over the perimeter duct, as well as the heat emission rates from bare and 
carpeted floors over the perimeter duct. This second report presents specific 
information on: 

1. The magnitudes of floor surface temperatures as well as the rate of heat emission 
(panel effect) from the floor over the feeder duct. 

2. The magnitudes of and decreases in temperature of the air flowing through both 
the embedded feeder and perimeter ducts. 


N 
t DUCT-AIR VELOCITY STATION OUCT-AIR TEMPERATURE STATION 
6" DIA. PERIMETER DUCT 
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For each of the foregoing objectives, a number of independent variables existed 
or were separately introduced. These variables included: (1) construction of 
the floor slab with four different applications of edge insulation, (2) the tem- 
peratures and velocities of the air circulating through the embedded ducts, and 
(3) weather effects, such as outdoor temperature, solar intensity, wind velocity 
and direction, and precipitation. 


DESCRIPTION OF EQUIPMENT 


The Floor Slab Laboratory was constructed in 1947 for the specific purpose 
of studying methods of insulating unheated concrete floor slabs.2_ The one-story 
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building was modified in 1949 to accommodate concrete floor slabs with em- 
bedded perimeter heating ducts as shown in Fig. 1. The four types of floor 
slab edge construction investigated during the 1949-50 and the 1950-51 heating 
seasons are shown in Fig. 2. A complete description of the laboratory, the 
instrumentation, and the equipment was given in the previous paper.1 The 
laboratory was operated during the 1949-50 heating season with an electric fur- 
nace providing warm air at controlled temperatures and velocities to a single 
perimeter duct along the north and east walls. Warm air was not introduced 
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into the rooms from the perimeter duct as is the normal procedure in a resi- 
dence,? but room-air temperatures were maintained at 72 F at the 30-in. level 
by means of supplemental electric heaters. This deviation from normal pro- 
cedure was considered necessary in order to study the temperature and heat 
emission characteristics of the embedded duct alone, without adding complica- 
tions caused by allowing air to discharge from the registers into the rooms. 


For the 1950-51 heating season, the floor of the corner room, D, was pro- 
vided with a feeder duct, as shown in Fig. 3. A separate furnace, No. 2, 
supplied warm air to the feeder duct, which was pitched upward from the sub- 
floor plenum under the furnace to the tee fitting at the corner of the room. The 
pitch of the sloping feeder duct was 1 in. in 5 ft and was intended to provide 
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a more uniform floor surface temperature over the duct. The two outlet ends 
of the 8-in. diameter tee fitting were connected to the perimeter duct with 
45-deg elbows. 

Complete instrumentation for temperature measurement was provided con- 
sisting of approximately 600 thermocouples made of No. 24 B & S gage copper 
and constantan wires. The measurements* of floor surface temperatures were 
made at intervals along the thermocouple sections, which are shown in Figs. 1 
and 3. The duct-air temperatures were observed at the temperature stations 
designated in Fig. 1 as A-O through D-20, and in Fig. 3 as D’-O through 
D’-24. In each room, the number O refers to the reference station, and the 
numbers 5, 10, 14, 19, 20, and 24 refer to the linear distances measured from 
the reference stations. At each station, nine thermocouples were placed in 
a grid so that the thermocouples were located in the centers of equal concentric 
areas. Duct-air velocities were measured by means of a standard Pitot tube 
and 20-point traverse at the seven stations shown in Figs. 1 and 3. 

Continuous and daily records of outdoor, room-air, floor surface, duct-air, 
and other critical temperatures were made throughout the investigation. Ad- 
ditional studies of the duct-air velocities and temperatures were made periodi- 
cally at stations in each room. 


FLoor SuRFACE TEMPERATURES OVER THE FEEDER DUCT 


Studies made with the perimeter duct have been presented in the previous 
paper.! The floor surface temperature distribution and heat emission rates from 
the floor over the perimeter duct were found to vary with (1) duct-air tem- 
perature, (2) duct-air velocity, (3) outdoor temperature, and (4) application of 
edge insulation. 

Similar studies with the feeder duct arrangement shown in Fig. 3 were made 
during the 1950-51 heating season. In these studies, the duct-air velocities 
were maintained at 500 fpm, 750 fpm, and 900 fpm, while the duct-air tempera- 
tures ranged from 100 F to 160 F. 

A typical pattern of floor surface temperatures over the feeder duct and 
adjoining perimeter duct is shown in Fig. 4a. The isotherms, representing lines 
of equal floor surface temperatures, are nearly parallel over the feeder duct, indi- 
cating a practically constant pattern of floor surface temperatures for a length of 
duct of about 10 ft. This uniformity might seem to be contrary to anticipated 
results, since the duct-air temperature decreased with distance from the furnace, 
and the floor surface temperature would be expected to follow the same trend. 
However, in the case of the duct arrangement shown in Fig. 3, where a gradual 
reduction in thickness of concrete over the duct was used, the effect of the 
decrease of the duct-air temperature with distance was apparently compensated 
for by a reduction in the thermal resistance of the concrete above the duct. 
Over the perimeter duct, however, where a constant thickness of 2 in. of con- 
crete was used between the duct and the floor surface, the isotherms indicate 
a definite decrease in floor surface temperature with distance. An increase in 
floor surface temperatures over the junction of the feeder and perimeter ducts 
was also observed. This increase was attributed not only to the increased air 
turbulence in the fittings, which tended to reduce the surface film resistance of 
the duct wall, but also to the concentration of heat flow from both the feeder 
and perimeter ducts in the corner of the room. 
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The floor surface temperature, as shown by the profile in Fig. 4b, reached a 
maximum value directly over the duct, decreased rapidly on both sides, and 
approached the temperature of the room air at a distance of from 2 to 3 ft from 
the duct. Thus, the feeder duct supplied heat to the room from a strip of floor 
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about 5 ft wide throughout its entire length. The total rate of heat emission 
from the floor surface over the feeder duct was calculated by means of the 
King equation for natural convection and the Stefan-Boltzmann equation for 
radiation, as discussed in a previous paper.! The rate varied from 35 to 110 
Btu per (hour) (linear foot of feeder duct), depending primarily on the duct- 
air temperature; and to some extent on duct-air velocity, depth of feeder, and 
outdoor temperature. The rate of heat emission from the floor per foot of 
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feeder duct was about 70 percent greater than that for each foot of perimeter 
duct with the same duct-air temperature and velocity (Reference 1, Fig. 10a). 

Any changes in either the duct-air temperature or duct-air velocity affected 
the floor surface temperatures over the feeder duct in a manner similar to that 
observed over the perimeter duct. That is, the floor surface temperatures in- 
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creased when either the duct-air temperature or duct-air velocity was increased. 
The effect of outdoor conditions on the floor surface temperatures over the 
feeder duct was small, with slightly lower temperatures occurring in colder 
weather as a result of the increased radiation heat transfer between the 
floor and the colder exterior surfaces. 


The thickness of concrete between the floor surface and the sloping feeder 
duct affected the floor surface temperatures over the duct as shown in Fig. 5. 
For a duct-air temperature of 145 F at the entrance of test section, Station S, 
the temperature of the duct air leaving the test section at Station Q was found 
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to be 139.5 F. The corresponding floor surface temperatures at S and Q were 
found to be 92.8 F and 95.8 F. That is, the floor surface temperature over the 
duct increased slightly as the distance from the furnace was increased. As far 
as the floor surface temperatures were concerned, therefore, the effect of the 
decrease in duct-air temperature with distance was more than offset by the 
effect of the reduction in thickness of concrete over the duct. When the entering 
duct-air temperature was approximately 115 F, the compensating effects were 
equal and the floor surface temperatures over the center of the duct were 85 F 
from S to Q. 


The temperature of the floor surface directly over the duct was calculated for 
various values of duct-air temperature and duct-air velocity. The equations 
used in the calculations, and a comparison with the measured values, are in- 
cluded in the Appendix. The calculated values of floor surface temperatures 
were found to be in reasonably good agreement with those obtained experi- 
mentally. 


TEMPERATURE Drop IN EMBEDDED Ducts 


General Discussion: Between any two stations in the duct surrounded by 
a medium at lower temperature, a decrease in the average temperature of the 
air stream occurs; this is referred to as the temperature drop. In the design 
of a perimeter heating system, an evaluation of the temperature drop is useful 
for determining (1) the rate of heat flow through the duct surface to the room 
and to the ground, and (2) the enthalpy of the air flowing into the rooms 
through the various registers. The difference in enthalpies between stations 
can be calculated from the average temperature and average velocity of the air 
stream, provided that temperature profiles and velocity profiles at each station 
are similar.5 The typical temperature and velocity profiles shown in Fig. 6 
indicated that the corresponding patterns were similar and that the enthalpy 
determinations could be made from the average values at each station. 


The factors which affect the temperature drops in the embedded ducts may 
be grouped into the following classifications : 


A, Characteristics of the ducts and immediate surroundings. 
Length, size, and shape. 
Material, such as galvanized-iron and vitrified clay tile. 
Depth below floor surface. 


Construction surrounding ducts, such as placement and conductivities of edge insu- 
lation, gravel, concrete, etc. 


fener 


B. Characteristics of the outer environment. 


5. Air movement and temperature within the room. 

6. Weather conditions. 

7. Ground conditions including temperatures, moisture content, and moisture move- 
ment. 


C. Air flow characteristics within the duct. 


8. Average temperature. 
9. Average velocity. 


‘ 

‘ 

i 

4 
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For the investigation of temperature drops, items 1 through 5 were maintained 
constant, and the effects of items 6 through 9 were investigated. 

Theoretical Analysis: The enthalpy of the air stream at any station in the 
embedded ducts can be evaluated by the equation: 


where 

= Enthalpy of the duct air, Btu per (hour). 

= Weight of dry air circulated, pound per hour, which is equal to velocity 
(v) X Area (A) X density (9) X 60. 
Temperature, Fahrenheit. 
Humidity ratio of moist air, pounds of water vapor per pound of dry air. 
Specific enthalpy of condensed water at standard pressure, Btu per pound 
of water. 


t 
Ww 
hy 


If a temperature difference exists between stations 1 and 2 in a section of 
duct, the decrease in enthalpy of the air stream may be approximated by 


The use of this simplified equation, in which the difference of enthalpy of water 
vapor has been omitted, gave values of Ah that were within one percent of the 
true differences in enthalpy. For the results discussed in this paper, therefore, 
Equation 2 was used. 


Between stations 1 and 2 in the duct, the enthalpy decrease is equal to the 
lateral heat loss from the duct to the outer environment, which, in the case of 
the feeder duct, would be the room air and the ground, and in the case of the 
perimeter duct would be the room air, the ground, and the outdoor air. This 
can be expressed by the equation: 


where 

L = Length of duct between stations 1 and 2, feet. 

A = Surface area, square feet per linear foot of duct. 

Ry = Total thermal resistance of the materials surrounding the duct, (hour) 
(square feet) (Fahrenheit) per Btu. 

ta = Mean duct-air temperature, Fahrenheit = (t; + &)/2. 

t. = Equivalent temperature of surrounding heat sinks, Fahrenheit degrees. 
This was determined by weighting the temperatures of the ground (¢,), 
the outdoor air (¢,), and the room air (¢,), proportional to the rate of heat 
flow. The latter distribution was determined by a graphical method which 
is discussed in a separate paper*. For the types of floor and edge con- 
structions shown in Figs. 2 and 3b, the values of te were found to be: 

t. = 0.55 + 0.35 + 0.10 t, (Fig. 2a) 

t. = 0.57 t, + 0.34 t, + 0.09 ¢, (Fig. 2b) 

te = 0.62 t, + 0.30 ¢, + 0.08 ¢, (Fig. 2c) 

te = 0.58 t, + 0.33 t, + 0.09 ¢, (Fig. 2d) 

te = 0.75 t, + 0.25 t, (Fig. 3b). 


In the case of the Floor Slab Laboratory, the ground temperature, tg, measured at a 
depth of 20 ft, was found to be practically constant at 58 F. By combining Equations 
2 and 3, the temperature drop is 


* Warm-Air Perimeter Heating, Part II1I—Heat Losses from Floor Slab, by J. R. Jamieson, R. W. 
Roose, and 8. Konzo (p. 217). 


Sh 
(2) 
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The total resistance, Ry, can be considered as the sum of the duct-air film 
resistance, R,, and the combined resistance of the other surrounding materials, 
R,, or 


where 
Rt 


r 


Duct-air film resistance, (hour) (square foot) (Fahrenheit degree) per Btu. 
Combined resistance of materials surrounding duct such as concrete, 
gravel, etc., (hour) (square foot) (Fahrenheit degree) per Btu. 


The duct-air film resistance, R;, can be calculated® by the equation: 


= 1/h. = (D/0.0225k) (u/DG)** (6) 
where 
h. = Unit thermal conductance by convection, Btu per (hour) (square foot) 
(Fahrenheit degree). 
D = Cylinder diameter, feet. 
k = Thermal conductivity of air, Btu per (hour) (square foot) (Fahrenheit 
degree per foot thickness). 
= Fluid viscosity, pound per (hour) (foot). 
G = Fluid mass velocity, pound per (hour) (square foot). 
Cp = Specific heat at constant pressure, Btu per (pound) (Fahrenheit degree). 


For given mean duct-air, outdoor, room-air, and ground temperatures and 
type of construction, Equation 4 can be written as: 


m (ti — te) (Rp + Ry) = (LA/0.24) (ta —te) 
and 
m’ — to’) (Ry + Rr) = (LA/0.24) (ta — te) (8) 


where m and m’ refer to two different rates of weight flow. It may be noted 
that the film resistance, R,, will be affected by the difference in flow rates, but 
the term R,, is considered to remain unchanged. Thus for the constant conditions 
of mean duct air, outdoor, room air, and ground temperatures, 


(t; — te’) (Re + Rr) = m (th — (Re + Ry)... 
or 
— te’) = (4 — te) (m/m’) [(Rt + + (10) 


the unknown, R;, can be replaced by 


0.24 m (h —b) 


and Equation 10 can be expressed in terms of the constant and measured quan- 
tities in the form: 
LA (ta — te) 
— bh’) = 


T Re _LA (ta = te) 


From Equation 11, the effect on the temperature drop by a change in velocity, 
and, hence, in flow rate, m, can be calculated. It may be observed that the new 
temperature drop can be obtained from the original temperature drop and the 
difference in calculated values for the film resistances. 


il 

[ LA (ta — te) ; | 
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Similarly, the effect of changes in temperatures of outdoor air, ground, or 
room air on the temperature drop for a given duct-air velocity and mean duct-air 
temperature can also be determined from Equation 4 as: 


— tr)/(ta — te)] = [LA/0.24mRr)] .. (12) 
and 
— &’)/(ta — te’)] = (LA/(0.24m Rr]... (13) 
or 
— te’) = (th — te) [(ta — te’) /(ta — (14) 


Hence, a new temperature drop can be obtained from the original temperature 
drop and the revised value of ¢,, which, in turn, is dependent upon the tem- 
peratures of the surrounding heat sinks. 

Comparisons of the calculated temperature drops, as obtained from Equations 
11 and 14, were made with the experimental results and will be discussed in the 
following sections. 


Temperature Drop in Feeder Duct: For a constant duct-air velocity and 
outdoor temperature, and for a singular type of construction, the temperature 
drop was found to increase as the mean duct-air temperature was increased. The 
magnitude of this effect is shown by the slope of the curve in Fig. 7 for a velocity 
of 500 fpm; the solid line represents an average of the experimental data. For 
example, consider a 10-ft section of duct through which warm air is delivered 
at a velocity of 500 fpm and at a mean temperature of 110 F. The data shown 
in Fig. 7 indicate that the decrease in duct-air temperature was at an average 
rate of 0.4 deg per foot of duct, or 4 deg for the 10-ft section. In other words, 
the air would enter this particular section of duct at 112 F and leave it at a 
temperature of 108 F. Had the mean duct-air temperature been 150 F, the total 
temperature drop through the 10-ft section would have been 7 deg or the enter- 
ing and exit temperatures of duct air would have been 153.5 F and 146.5 F, 
respectively. 

The calculated temperature drops in the feeder duct for duct-air velocities of 
300 fpm, 750 fpm and 900 fpm are shown as broken-line curves in Fig. 7. The 
calculated values were obtained by substituting in Equation 11 the observed data 
for a velocity of 500 fpm. The experimental results actually obtained at duct-air 
velocities of 750 fpm and 900 fpm are represented by the plotted points and show 
good agreement with the curves based on the calculations. Both the calculated 
and experimental results indicated that larger temperature drops occurred with 
a decrease in duct-air velocity. 


The magnitude of the temperature drop in the feeder duct was undoubtedly 
affected to some extent by such variables as outdoor weather conditions, ground 
temperatures, ground moisture content, and distance from outer walls. None of 
these variables was individually of sufficient magnitude to affect the temperature 
drop. However, the cumulative effect of the variables undoubtedly contributed 
to the scattering of the data shown in Fig. 7. 

Temperature Drop in Perimeter Duct: For a duct-air velocity of 600 fpm, 
each of the four curves shown in the lower part of Fig. 8 is an average represen- 
tation of the observed data for four types of edge construction. For a duct-air 
velocity of 150 fpm, the experimental data are represented by the plotted points, 
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whereas the calculated temperature drops based upon Equation 11 are repre- 
sented by the two curves. As in the case of Fig. 7, excellent agreement was 
obtained between the experimental and calculated results for this velocity. In 
all cases, an increase in temperature drop occurred when the mean duct-air 
temperature was increased. 

The four curves in the lower part of Fig. 8 show a comparison of the effec- 
tiveness of various amounts of insulation at the edge of the floor slab. The 
application of 2-in. L type edge insulation reduced the temperature drop of the 
air stream approximately 35 percent as compared with that for the uninsulated 
floor. The use of either type of 1-in. edge insulation produced almost identical 
temperature drops, which were approximately 20 percent lower than those for 
the uninsulated floor. 

Much of the scattering of data in Fig. 8 may be attributed to the variations 4 
in outdoor temperature. As indicated in the theoretical analysis, the calculated 
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Fic. 9. TEMPERATURE Drop IN FEEDER Duct 


temperature drops for a given duct-air condition and type of edge construction 
could be made by means of Equation 14 for various values of ¢,, which, in turn, 
could be determined for assumed values of outdoor temperature, ¢,. Such cal- 
culated temperature drops for a number of outdoor temperatures were com- 
pared with the observed temperature drops and were found to be in good agree- 
ment. Hence, considerable confidence was placed in the validity of Equation 14 
as well as Equation 11. These two equations were therefore used in later 
analyses for determination of design data beyond the limitation of the con- 
ditions experienced. 

Temperature Drop in Fittings: An analysis of the temperature drops between 
the inlet and outlet of the fittings indicated that the 45-deg elbow and tee com- 
bination produced a drop equivalent to that for a 10 ft length of feeder duct. 
Similarly, a 90-deg elbow used in a section of perimeter duct produced a tem- 
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perature drop equivalent to that obtained in a 3 ft straight section of perimeter 
duct. 


DesiGN DATA FOR TEMPERATURE Drops 


The results of the temperature drop study are presented in a more useful 
manner in Fig. 9, for the feeder duct, in Fig. 10, for the perimeter duct with 
the 2-in. L type edge insulation, and in Fig. 11, for the perimeter duct with 
l-in. vertical edge insulation. To illustrate the application of these data, con- 
sider an example of a perimeter heated residence in which the furnace delivers 
air to the feeder ducts at a temperature of 165 F under a design outdoor con- 
dition of —10 F. The air flows at a velocity of 300 fpm through 15 ft of 


OUCT-AIR TEMPERATURE, F 
= 


100; 


Fic. 11. TEMPERATURE Drop 1N PERIMETER Duct 
INSULATED WITH 1-IN. VERTICAL EDGE INSULATION 


feeder duct to a combination 45-deg elbow and tee fitting. At that point, the 
velocity of the air is reduced to 150 fpm as the air travels through 10 ft of 
perimeter duct embedded in a floor slab provided with 2-in. L type edge insula- 
tion. Information is desired on the duct-air temperature at the beginning of the 
perimeter duct and at the entrance to the register. 

The total equivalent distance from the sub-floor plenum to the beginning of 
the perimeter duct was 25 ft, consisting of 15 ft of feeder duct and 10 equivalent 
ft for the 45-deg elbow and tee fitting. From Fig. 9, which is based upon a 
plenum temperature of 165 F, the duct air temperature at a total distance of 25 
ft will be about 141 F. The data in Fig. 10 shows that, for a duct-air velocity of 
150 fpm and an outdoor temperature of —10 F, the duct-air temperature of 141 
F intercepts the curve at a distance of 11 ft. At a distance of 21 ft, which is 
comprised of the initial 11 ft and the 10 ft length of the perimeter duct, the 
intercept with the curve occurs at a duct-air temperature of 127 F. This is the 
temperature of the air leaving the perimeter duct and entering the register. 

The mean air temperature in the feeder duct of 153 F was determined from 
the plenum temperature of 165 F and the temperature of 141 F at the tee 
fitting. This mean air temperature used in connection with Fig. 10 of Reference 
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1 gave a value of 1480 Btu per hour heat emission from the floor surface over 
the feeder duct. Similarly, the mean air temperature in the perimeter duct of 
134 F was determined from temperatures at the tee fitting and the register, 
and a heat emission rate of 350 Btu per hour was obtained. The register-air 
temperature of 127 F was used in connection with Equation 2 to give a register 
delivery of 2910 Btu per hour. Hence, it may be observed that the design curves 
of Figs. 9, 10, and 11 together with the heat emission curves! provide sufficient 
information to estimate the heat delivery from the register as well as from the 
feeder and perimeter ducts. 

The perimeter duct, located with its center 8 in. from the outer wall and 
6 in. below the floor surface, consisted of an 8-in. diameter galvanized-iron duct 
embedded in concrete. The feeder duct, also 8 in. in diameter, was attached to 
the perimeter duct at the exposed corner of a room with two 45-deg elbows 
and a tee fitting. None of the air flowing through the ducts was discharged 
into the rooms. The following discussion applies specifically to this arrangement. 

The feeder duct for the distribution of warm air from the subfloor plenum to 
the perimeter duct provided heat to the floor over an area about 5 ft wide and 
throughout its entire length. The rate of heat emission from the heated floor 
to the room varied from 35 to 110 Btu per (hour) (linear foot of feeder duct), 
depending primarily upon the duct-air temperature. The rate of heat emission 
from the floor was about 70 percent greater than that for the perimeter duct 
for the same duct-air temperature and duct-air velocity. 

The magnitude of the floor surface temperatures over the feeder duct was 
dependent upon the mean duct-air temperature, duct-air velocity, and depth of 
feeder duct. For a given combination of duct-air temperature and duct-air 
velocity, a uniform floor surface temperature was attained by sloping the feeder 
duct upwards from the furnace to the tee fitting with a pitch of 1 in. in 5 ft. A 
floor surface temperature of 85 F over the center of the duct was observed along 
its entire length when the entering duct-air temperature was 115 F and the 
duct-air velocity was 500 fpm. These duct-air conditions are representative of 
those for an average winter day in this locality. In colder weather (—10 F 
outdoor) the floor surface temperatures were about 98 F near the subfloor 
plenum and about 105 F near the end of the feeder duct. The floor area having 
a surface temperature in excess of 85 F was limited to strips less than 2 ft wide 
over the feeder duct. 

Calculated values of the temperature of the floor surface directly over the 
center of the feeder duct were determined on the basis of parallel heat flow 
through a uniform thickness of concrete. For this calculation, the total resis- 
tance to heat flow from the duct air to room air was considered to be composed 
of: (1) the duct-air film resistance, (2) the resistance of concrete, and (3) the 
room-air film resistance. The calculated surface temperatures were about 2.5 
to 5.0 deg higher than the measured values. Considering the fact that the actual 
paths of heat flow were not parallel, the calculated and actual surface tempera- 
tures can be considered to be in good agreement. 

The temperature drop of the duct air was defined as the decrease in the 
average temperature of the air as it flowed between any two stations in the 
duct. Each of the following factors decreased the magnitude of the temperature 
drop when the remaining factors were maintained constant: (1) Lower mean 
duct-air temperatures; (2) Higher duct-air velocities; (3) Higher outdoor 
temperatures; (4) Application of edge insulation. 


WarM-AIR PERIMETER HEATING, ETC., PART II, BY JAMIESON, ET AL 213 


As far as the temperature drop in the feeder duct is concerned, only items 
1 and 2 were found to have a major effect. On the other hand, all four items 
affected the temperature drop in the perimeter duct. For a known relationship 
between temperature drop and duct-air temperature, the values of temperature 
drop could be calculated for other velocities and for different outdoor tempera- 
tures. Such calculated values were found to be in good agreement with experi- 
mental results. 


Several fittings commonly used in perimeter heating systems were studied 
and the difference between entering and exit temperatures were reported in 
terms of temperature drop for equivalent straight sections. A 45-deg elbow 
and tee combination produced a drop equivalent to that of 10 ft of feeder duct. 
A 90-deg elbow used in a section of perimeter duct produced a temperature drop 
equal to a 3 ft straight section of perimeter duct. 


For practical application, curves were developed to determine the magnitude 
of the temperature drops in the feeder duct as well as in the perimeter duct 
insulated with 1- and 2-in. thicknesses of edge insulation. 
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APPENDIX 


CALCULATION OF FLOOR SURFACE TEMPERATURES 
AND COMPARISON WITH MEASURED VALUES 


General Discussion: This investigation was conducted with an 8-in. diameter feeder 
duct and an 8-in. diameter perimeter duct, specifically arranged as shown in Figs. 1, 2, 
and 3. Although additional experiments with other duct sizes and arrangements might 
have been desirable, such studies were not conducted. It was necessary, therefore, to 
provide methods of estimating the performance of such systems from a theoretical 
analysis of the arrangement actually studied. This phase of the analysis is confined 
to the calculation of floor surface temperatures together with a comparison of the 
calculated and measured values. 


Calculation of Floor Surface Temperatures: The heat flow from the duct air to the 
room air along any of the paths a-a’, b-b’, c-c’, or d-d’, shown in Fig. A, can be 
expressed by the equation: 


(Q/A) = [ta — tel/[Rt + (xo/ke) + (A-1) 
where 
Q/A = Heat flow per unit area of duct surface, Btu per (hour) (square foot). 
ta = Mean duct-air temperature, Fahrenheit degrees. 
t, = Room-air temperature Fahrenheit degrees. 
R; = Duct-surface film resistance, (hour) (square foot) (Fahrenheit degree) 


r Btu. 
R= Ploor-surace film resistance, (hour) (square foot) (Fahrenheit degree) 
r Btu. 
x= Thickness of concrete along path of heat flow a-a’, b-b’, etc. in inches. 
k. = Thermal conductivity of concrete, assumed to be 12 Btu per (hour) 
(square foot) (Fahrenheit degree per inch of thickness). 


Along any heat flow path the rate of heat flow through the duct-surface film is the 
same as that through the concrete and through the floor-surface film: that is, the 
following modifications of Equation A-1 are identities : 


(ta — /Re = [(te — te)/ (Xe /ke)] = (ts — te)/Rs = (ta — te) /[Re +(%e/ke) + Rs] . (A-2) 
where 

ts = Duct-surface temperature, Fahrenheit degree. 

t, = Floor-surface temperature, Fahrenheit degree. 


One method of determining the floor-surface temperature consisted of equating : 


(ta — tr) = (ta — +e — te) +s tr). (A8) 
and substituting appropriate terms from Equation A-2 to obtain: 
i= [Reta + ty (Rs + xe/ke)]/[Rs + Rt + Xeo/ke] 


In this case the floor-surface temperature was expressed as a function of duct-air and 
room-air temperatures. 


The values obtained by means of Equation A-4 were independently confirmed by the 
use of a second equation, which was derived from the first two parts of Equation A-2 
as follows: 


In this equation, it was necessary to use measured values of the duct-surface tempera- 
ture, which were available for the installation under investigation, but which would not 
be available for any other arrangement. 


i 
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FLOOR-SURFACE TEMPERATURE 
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For both Equations A-4 and A-5, the resistance of the duct-surface film, Rs, was 


determined from Equation 6. Also, the resistance of the floor-surface film, Rs, was 
determined by means! of the King equation for natural convection (q-) and the 
Stefan-Boltzmann equation for radiation, (qr), as follows: 


or 


t, — ty 


R, = . (A-7) 
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where 
T, = Absolute temperature of floor surface (460 + ¢,). 
T, = Absolute temperature of absorbing surface exposed to floor, (460 + 68). 
A value of 68 F was assumed which compared favorably with the actual 
average surface temperature that was experienced. 


The calculated resistances of the duct-surface film, the concrete, and the floor-surface 
films are shown in Fig. 13. These data were used in Equation A-4 for determining the 
floor surface temperatures directly over the center of the feeder duct. The calculated 
values for a duct-air velocity of 500 fpm are shown by the three broken-line curves in 
Fig. 14 and can be compared with those obtained experimentally, as shown by the solid- 
line curves. In all cases the calculated floor-surface temperatures were slightly higher 
than the measured values, a discrepancy that increased as the thickness of concrete 
between the duct and the floor surfaces was increased. This deviation was attributed to 
the fact that Equations A-1, A-2, and A-4 were based on the assumption that parallel 
heat flow existed between the duct and room air, whereas a non-parallel flow actually 
existed as indicated by the heat-flow lines b-b’, c-c’, and d-d’ in Fig. 12. 


Considering the assumptions made in the derivation of Equation A-4, the calculated 
values of the floor-surface temperatures were in reasonably good agreement with the 
experimental results. 
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WARM-AIR PERIMETER HEATING 
Heat Losses from Floor Slab {—Part III 


By J. R. Jamieson*, R. W. Roose**, S. Konzott 
Ursana, ILL. 


_— TERM perimeter heating is generally applied to warm-air heating 
systems for basementless structures built over concrete slabs. The heated 
air is delivered from a furnace through subfloor feeder ducts to an embedded 
perimeter duct that completely encircles the slab along its outer edge. The air 
is delivered into the rooms through registers located at the outer walls and 
returned to the furnace through return-air intakes located at the inside wall 
or ceiling. Since the perimeter duct is located near the outer edge of the floor 
in close proximity to the cold ground and outdoor air, inadequate insulation 
in this area could result in excessive heat losses from the floor slab. 

Previous investigations by Dill’ and Bareither? on the heat losses from un- 
heated concrete floor slabs gave ‘floor losses ranging from 40 to 75 Btu per 
(hour) (linear foot of exposed edge) depending upon the type and amount of 
edge insulation. In a small home, this amount would constitute approximately 
10 to 20 percent of the total heat loss. When the outer edge of the floor is 
heated, as is done with a perimeter heating system, even larger floor losses 
can be anticipated. Hence, adequate floor insulation is mandatory in order to 
avoid excessive fuel consumption. 


Several methods are available for insulating concrete floor slabs laid directly 
on the ground. Insulation of the entire underside of the floor slab is seldom 


4 This Chapter, together with Chapters 1448 and 1450, was presented as a group because of the 
relationship of their subject matter. Discussors were invited to withhold their comments until the 
three papers had been presented. Discussions of this Chapter and Chapters 1448 and 1450 appear at 
the end of Chapter 1450 on p. 250. 

t This investigation is a part of the cooperative project jointly sponsored by the Engineering 
Experiment Station of the University of Illinois and the National Warm Air Heating and Air Condi- 
tioning Association, and is the last of a series dealing with a research investigation conducted in the 
Floor Slab Laboratory at the University of Illinois. 

* Research Associate in Mechanical Engineering, University of Illinois. Junior Member of A.S.H.V.E. 
ys Research Assistant Professor of Mechanical Engineering, University of Illinois. Associate Member 
of A.S.H.V.E. 

tt Professor of Mechanical Engineering, University of Illinois. Member of A.S.H.V.E. 

1 Exponent numerals refer to References. 

Presented at the 58th Annual Meeting of Tue American Society oF HeaTING AND VENTILATING 
Enorneers, St. Louis, January 1952. 
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used unless the entire floor is to be heated, since the heat loss in the center 
section of the building is relatively small.2- With a perimeter heating system, 
therefore, it is sufficient to insulate only the outer edge of the floor slab. The 
insulation can be applied either vertically down the inside face of the foundation 
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Fic. 2. Types or Epce Construction 


wall to a reasonable depth, or turned under the perimeter duct in the form 
of an “L”. The type of edge construction is usually determined by the builder 
after consideration is given to the installation costs and the materials available. 

In previous papers*:* the discussion included the overall objectives of this 
investigation and a description of the laboratory, as well as the observed values 
of floor surface temperatures, heat emission rates from the floor, and tempera- 
ture drops of the air in the embedded ducts. This third report provides an 
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analysis of the heat losses from the floor slab as affected by edge construction, 
duct-air temperature, duct-air velocity, and weather effects. 


DESCRIPTION OF FLOoR SLAB CONSTRUCTION AND INSTRUMENTATION 


The Floor Slab Laboratory, as shown in Fig. 1, was equipped with four 
rooms so arranged as to minimize the effect of direct solar radiation on the 
exposed walls. The insulated partition walls between rooms were 6 in. thick 
and extended to a depth of 4 ft below the floor to minimize any heat transfer 
between adjoining spaces. 

The four types of floor-slab edge construction investigated over the two-year 
period are shown in Fig. 2. The edge insulation used consisted of a rigid and 
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Fic. 3. Location oF SLAB AND 
GROUND THERMOCOUPLES UNDER 
Room A 


waterproof cellular glass,* having a thermal conductivity of 0.42 Btu per (hour) 
(square foot) (Fahrenheit per inch). The floor slabs were constructed of 
1:2:4 concrete. A 4-in. layer of coarse gravel was placed under the floor to 
provide suitable drainage and minimize the capillary rise of moisture from the 
soil. A duplex-kraft paper, or damp-proofing membrane, was placed over the 
gravel fill; all joints were lapped and sealed with coal tar. The soil under and 
adjacent to the Laboratory contained 3 ft of fill composed of 18 percent clay, 
53 percent silt, 24 percent sand, and 5 percent gravel. Under the fill was the 
original black silty-clay topsoil which extended to a depth of 4 ft. The soil 
adjacent to the building was graded 8 in. below the floor level and was sloped 
for proper drainage. 


Temperature measurements were made with approximately 600 thermocouples, 
a large number of which were placed in the soil and gravel in a section perpen- 
dicular to the axis of the perimeter duct and at the center of the outer wall 
of each room. These thermocouple sections are indicated on the floor plan of 
Fig. 1, and a typical section is shown in Fig. 3. Instrumentation was also 
provided to measure the indoor-relative humidities, the electrical inputs to the 


*A 300-day study was conducted to determine the durability of cellular glass and eight other 
materials commonly used as edge insulation in the field. The results are given in Appendix A. 


| 


220 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


supplemental room heaters, the duct-air velocities, the soil moisture content, and 
the level of the water table under the building. 


PROCEDURE 


This phase of the investigation was undertaken to determine both the magni- 
tude and the direction of the heat flow from the perimeter duct. The rate of 
heat flow through the foundation wall to the outdoor air and the rate of heat 
flow into the ground were of particular importance. These heat flows, referred 
to as slab-edge loss and ground loss, respectively, were unavailable for heating 
the room. 

This study was conducted during the 1949-50 heating season with the types of 
construction shown in Figs. 2(a), 2(b), and 2(c). The construction shown in 
Fig. 2(d) was used in Room B during the 1950-51 season. The study of the 
heat losses for the construction shown in Fig. 2(a) was repeated in 1950-51 
to provide a norm for the data obtained during the two seasons. 

Warm air was circulated continuously through the perimeter duct at a con- 
stant entering duct-air temperature and constant duct-air velocity during each 
of the series of studies listed in Table 1. After the completion of a given series 
of studies, changes were made in duct-air temperature or velocity and four 
days were allowed for the ground conditions to stabilize. The results of the 
time lag study which will be discussed in Appendix B indicated that this four- 
day interval was sufficient. 


METHOD oF ANALYSIS 


The heat flow from the surface of the perimeter duct is transmitted by con- 
duction along three principal paths. As discussed in the previous papers,® 4 
part of the heat is conducted from the surface of the perimeter duct to the floor 
above, is then transferred to the room air and surrounding surfaces by con- 
vection and radiation, and finally flows to the outdoor air as part of the usual 
transmission or infiltration heat losses. The remainder of the heat is conducted 
from the duct either downward to the ground (ground loss), or outward through 
the foundation wall to the outdoor air (slab-edge loss). 

The heat flow along the three paths can be considered as parallel heat flow 
from a single source, and, hence, the magnitude of the heat flow along any one 
of the paths will affect the heat flow along the remaining paths. For example, 
if the heat flow from the duct to the room is altered by a change in room-air 
temperatures, not only will the heat flow to the room be changed, but also the 
heat flow to the slab-edge and the ground will be changed. In order to maintain 
room conditions typical of those for actual practice, a room-air temperature of 
72 F was maintained by a supplemental heater in each room. 

Two independent methods were available for the study of the slab-edge and 
ground losses. In the heat balance method, the heat emitted from the floor sur- 
face was subtracted from the total heat loss from the perimeter duct. The 
remainder, which is the sum of the ground loss and the slab-edge loss, is referred 
to as the subfloor loss. In the flow diagram method, heat-flow lines were devel- 
oped from isothermal (constant temperature) lines, which in turn were based 
upon the temperatures of the duct and adjacent materials. A comparative 
analysis of the heat-flow lines for each type of construction provided means for 
determining the distribution of heat flow among the three main paths. 
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TABLE 1—OPpERATING CONDITIONS* FOR SLAB EpGE AND Grounp Loss Stupy 


where 


(Q./L) = subfloor loss, Btu per (hour) (linear foot of exposed edge). 
(Q,/L) = total heat gain from perimeter duct, Btu per (hour) (linear foot). 
= 600A pcp (th — te) 
v = duct-air velocity, fpm. 

A = area of duct, square feet. 
e = air density, pounds per cubic foot. 
Cp = specific heat of air, 0.24 Btu per (pound) (Fahrenheit degree). 
(t; — t2) = temperature drop of duct air per linear foot, Fahrenheit degrees, deter- 
mined from Reference 4. 
(Q,/L) = heat emitted to the room through the floor, Btu per (hour) (linear foot), 
determined from Reference 3. 


DaTE OF SERIES AVG AVG 
TEST Duct-Arr | DucT-AIR 
SERIES> PRIMARY OBJECTIVES OF STUDY Temp ELOCITY 
Start End fpm 
ABCD-1 | 11/29/49 | 12/22/49 | Calibration for Above Ground 
Heat Losses 60 0 
ABCD-2 | 12/26/49 | 1/8/50 Slab Edge and Ground Losses 100 590 
ABCD-3 | 1/12/50 1/19/50 | Slab Edge and Ground Losses 130 590 
ABCD-4 | 1/23/50 | 2/3/50 Slab Edge and Ground Losses 145 610 
ABCD-5 | 2/7/50 2/17/50 Slab Edge and Ground Losses 130 915 
ABCD-6 | 2/21/50 3/10/50 Slab Edge and Ground Losses 100 915 
ABCD-7 | 3/14/50 | 3/29/50 | Slab Edge and Ground Losses 100 375 
ABCD-8 | 3/30/50 | 4/10/50 Calibration for Above Ground 
Heat Losses 100 375 
ABCD-9 | 4/11/50 4/17/50 Time Lag and Response Study | Varied 375 
AB-11 12/1/50 12/20/50 | Calibration for Above Ground 
Heat Losses 60 0 
AB-12 12/24/50 | 1/3/51 Slab Edge and Ground Losses 115 150 
AB-13 1/7/51 1/30/51 Slab Edge and Ground Losses 130 150 
AB-13a 1/31/51 2/6/51 Slab Edge and Ground Losses 
(with rug in room A) 130 150 
AB-14 2/9/51 2/15/51 Slab Edge and Ground Losses 100 150 
AB-15 2/18/51 2/27/51 Slab Edge and Ground Losses 130 520 
AB-16 3/1/51 3/12/51 Slab Edge and Ground Losses 130 600 
AB-17 3/16/51 3/25/51 Slab Edge and Ground Losses 140 600 
a Room-air temperatures maintained at 72 F at the 30-in. level. 
b Letters ABCD refer to rooms used in study. Numbers refer to series sequence. 
DETERMINATION OF Losses By HEAT BALANCE METHOD 
The subfloor loss could be evaluated from Equation 1: 


The subfloor losses for various types of edge construction based on an average 
outdoor temperature of 25 F and 600 fpm duct-air velocity are shown in Fig. 4. 
These curves show a definite reduction in the sub-floor loss by the application 
of edge insulation. For example, as compared with the results of the uninsulated 
slab, the subfloor heat loss was reduced about 25 percent by the application of 
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both the vertical insulation and the 1-in. L type insulation, and 50 percent by the 
2-in. L type insulation. 

The values shown in Fig. 4 are for specific combinations of operating con- 
ditions, and, hence, are not applicable to conditions which differ widely from 
those stated. The effects of varying the duct-air velocity, duct-air temperature, 
and outdoor temperature can be readily determined from the available data.?: 4 
A summary of the calculated values obtained for a wide range of conditions is 
presented in Table 2. For purposes of comparison, the values obtained from 
Fig. 4 for the 2-in. edge insulation and at a duct-air temperature of 130 F are 
shown as Case 1, item j. The separate effects on the subfloor losses of the duct- 
air velocity, outdoor temperature, and duct-air temperature are shown as items 


600 FPM DUCT-AIR VELOCITY 

| 
ii 


DUCT-AIR TEMPERATURE, F 
Fic. 4. Susprroor Heat Losses FoR 
Four Types oF EpGeE ConsTRUCTION 


j for Cases 2, 3, and 4, respectively. As compared with the results for Case 1, 
a decrease in duct-air velocity or duct-air temperature was also accompanied by 
a decrease in the subfloor loss. On the other hand, a decrease in outdoor tem- 
perature resulted in a substantial increase in the subfloor loss. Under design 
conditions of —10 F outdoor temperature, the duct-air temperature* would be 
of the order of 130 F, and the air-flow rates of the perimeter duct would fall 
within a range of 50 cfm and 200 cfm, depending upon the number of registers 
served by a given section of perimeter duct. Under these design conditions the 
sub-floor losses would fall within the range of 60 to 91 Btu per (hour) (linear 
foot of exposed edge), as shown in item j, Cases 3 and 5. For practical design 
purposes, a mean value of 75 Btu per (hour) (linear foot) is suggested for a 
—10 F outdoor temperature, as shown in the second column of Table 3. 
Similar derivations of subfloor losses are shown in Table 3 for other out- 
door design temperatures, and also for the 1l-in. vertical edge insulation. The 
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TABLE 2—EFFECT OF CONTROLLED VARIABLES ON SUBFLOOR HEatT Loss 


ITEM CasE 1 CasE 2 CasE 3 Case 4 Case 5 
Controlled Variables 
a. Duct-air velocity, fpm............ 600 150 600 600 150 
b. Duct-air flow rate, cfm........... 209 52 209 209 52 
c. Duct-air temperature, F.......... 130 130 130 100— 130 
d. Outdoor temperature, F.......... 25 25 —— 25 —10 
e. Edge insulation, type............. 2-in. L | 2-in. L | 2-in. L | 2-in. L | 2-in. L 


Temperature Drops and Heat- Flow Rates 


f. Duct-air temperature drop, 


F/ft (from Ref 4, Fig 8).......... 0.44 1.15 0.54 0.22 1.41 
g. Total heat loss, Q;/Z, Btu/(hr-ft) 

89 58 109 47 72 
h. Panel effect, Q,/L, Btu/(hr-ft) 

38 32 18 6 12 
j. Subfloor loss, Q./L, Btu/(hr-ft) 


subfloor losses for a warm-air perimeter heating system can be estimated, there- 
fore, by multiplying the appropriate values from ‘Table 3 by the linear feet of 
exposed edge in the given installation. 

Heat losses from the feeder duct were evaluated in a similar manner by 
utilizing Equations 1 and 2, the duct-air temperature drops, and the heat emis- 
sion values*-* for the floor surface over the feeder duct. For the purpose of 
obtaining design data, it was assumed that the feeder duct-air velocity was twice 
that of the attached perimeter duct and the length of feeder duct did not exceed 
30 ft. Under these conditions, and with a 165 F duct-air temperature entering 
the feeder duct from the subfloor plenum, the heat loss from the feeder duct to 
the ground was within the range of 8 to 12 Btu per (hour) (foot of feeder 


3—SusFiLoor Heat Loss, Bru Per (Hour) (Linear Foot or Exposep 


TYPE OF EDGE CONSTRUCTION 
OvutTpooR DESIGN 
TEMPERATURE 
F 2 in. L Type 1 in. Vertical 
Fig 2(a) Fig 2(d) 
25 40 55 
10 55 75 
0 65 85 
—10 75 95 
—20 85 105 


Note: These values are for a room width of 12 ft. For rooms over 12 ft wide, add 2 Btu for each 
additional foot of width to the above values. 
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Fic. 5. Heat-Frow D1acramM For 2-INn. L Type Epce Con- 
STRUCTION (Room A) 


duct). Hence for all practical purposes, a value of 10 Btu per (hour) for each 
foot of feeder duct can be used. 


DETERMINATION OF Losses By FLow-D1AGRAM METHOD 


From the temperatures observed at each of the stations shown in Fig. 3, heat- 
flow diagrams were developed by first plotting lines of equal temperature, or 
isothermal lines, for temperature increments of 5 deg. These are shown as solid 
lines in Figs. 5 through 8. The steep temperature gradient in the edge insulation 


is illustrated in Figs. 5, 6, and 7 by the close proximity of the isothermal lines 
in the insulation. 
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Fic. 6. Heat-FLtow DracramM For 1-In. L Type Epce Con- 
STRUCTION (Room C) 
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DUCT-AIR VELOCITY, 150 FPM 


Fic. 7. Heat-FLow DIAGRAM FOR 1-IN. VERTICAL TYPE 
Epce Construction (Room B, 1950-51) 


After the isothermal lines had been drawn, it was possible to construct heat- 
flow lines that indicated the direction of heat flow from the perimeter duct (1) 
through the floor, (2) through the edge insulation, and (3) through the ground 
and by-passing the edge insulation. Furthermore, by means of the following 
procedure, the flow lines were spaced to depict 16 paths of equal heat-flow rates: 


1. A selection was made of two additional isotherms, 1 deg apart, that were near the 
heat source (perimeter duct). 

2. The total area enclosed by these isotherms was divided into 16 areas of equal 
heat flow5. 


ROOM-AIR, 7L6F 


Fic. 8. Herat-FLow D1aGRAM FOR UNINSULATED EDGE 
Construction (Room B, 1949-50) 
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3. From the boundaries of these 16 areas, heat-flow lines were constructed so that all 
isotherms were intersected at a 90-deg angle. 


The heat-flow lines thus constructed are shown as broken lines in Figs. 5 
through 8, from which an evaluation could be made of the relative merits of 
the different methods of applying edge insulation. From a comparison of the 
heat-flow diagrams for the uninsulated edge (Fig. 8) with each of the diagrams 
for the insulated constructions, (Figs. 5, 6, and 7), the following can be 
observed: 


1. The application of insulation reduced the heat loss through the upper portion of 
the foundation wall. However, this decrease was partially compensated for by an 
increase in heat flow through the lower portion of the foundation wall. In other words, 
the addition of a high resistance material near the exposed portion of the foundation 
caused the heat flow to seek a round-about path through less resistant materials. 

2. In the case of the L type insulation, an improvement could be effected by extend- 
ing the horizontal insulation further under the slab. Similarly, for the 1-in. vertical 
insulation, the application could be improved by the use of a depth of insulation greater 
than 18 in. 


A quantitative analysis could also be made of the heat flow from the perimeter 
duct to the room, to the ground, or through the insulation. The space between 
two adjacent heat-flow lines represents 1/16 of the total heat emitted from the 
perimeter duct. Hence, by counting the number of such spaces that eventually 
terminate on the floor surface, the proportion of the total heat emission that is 
transmitted to the floor surface can be estimated. For example, in the case 
shown in Fig. 5 of the floor with 2-in. L type insulation, approximately 634 
spaces out of the total of 16 spaces terminated at the floor surface. This repre- 
sented 42 percent of the total heat conducted away from the duct. Similarly, 
the 434 spaces showing heat flow through the insulation were equivalent to 30 
percent of the total. The remaining 44 spaces indicated that 28 percent of the 
total heat emission entered the ground and by-passed the insulation. These 
percentages, as well as similar values for the three other types of floor con- 
struction, are listed in Part A of Table 4. Considering the wide differences in 
edge construction, the variations in the percentage values for a given item 
were not large. 

However, the percentage values alone do not afford a fair means of compari- 
son of the effectiveness of various edge insulations, since the enthalpy of the air 
entering the duct was not the same for the four types of edge construction. 
Therefore, the only fair comparison is that where the percentage values are 
applied to a case in which identical enthalpies at the entrance of the perimeter duct 
are maintained. An example showing the application of the percentage values to 
a specific case is given in Part B of Table 4. In this example, an enthalpy at the 
entrance of a 10-ft section of perimeter duct (Item 5) was assumed to be 2940 
Btu per hour for each of the four constructions. The enthalpy of the air leaving 
the 10-ft section (Item 6) was determined from the temperature drops reported 
in Reference 4. The difference in these enthalpies represented the total heat flow 
from the duct by conduction. The percentage values given as Items 1, 2, and 3 
of Table 4 could then be applied to the enthalpy difference to obtain Items 7, 8, 
and 9. In this example, the subfloor loss (Item 8+Item 9) was 330 Btu per 
hour for the 2-in. L type insulation, or 11 percent of the entering enthalpy. 
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TABLE 4—DIsTRIBUTION OF HEAT FLow FroM PERIMETER Duct 


| Type oF EpGE INSULATION 
ITEM | DESCRIPTION OF ITEM 
2 in.-L 1 in.-L 1 in. Vertical None 
Fig. 2(a) Fig. 2(b) Fig. 2(d) Fig. 2(c) 

Part A—Percentages of Heat Flow 

by Conduction from Duct 
1. Heat gain into room.............. 42 39 37 32 
2. Heat loss through edge insulation. . . 30 37 22 0 
3. Heat loss by-passing edge insulation 28 24 41 68 
100 100 100 100 
Part B—Heat Distribution in 10-Ft 

Section of Perimeter Duct 

(Btu per hour) 
5. Enthalpy of air entering*.......... 2940 .| 2940 2940 2940 

Heat gain to room 
6. Enthalpy leaving duct............ 2370 2310 2280 2180 
7. Panel effect from floor............ 240 246 244 243 

Heat Losses 
8. Through edge insulation........... 171 233 145 0 
9. By-passing edge insulation......... 159 151 271 517 


a Based upon the following conditions: (1) 130 F duct-air temperature; (2) 150 fpm duct-air 
velocity; (3) —10 F outdoor; (4) 72 F indoor. 


Similarly, the subfloor loss for the 1-in. vertical insulation was 416 Btu per 
hour. The ratio of the subfloor losses for the two types of construction was 
416/330 or 1.26, which compared favorably with the ratio determined by the 
heat balance method and shown in Table 3. 


EXAMPLE SHOWING APPLICATION OF DATA 


In previous papers,®: * information was presented on the rate of heat emission 
from the floor surface as well as the temperature drop of the air flowing through 
the embedded ducts. This information together with the data presented in this 
paper on subfloor heat losses can be applied to a practical problem as shown by 
the following example. 

Consider the case of the room shown in Fig. 9 where the feeder duct is 
connected to the perimeter duct at the outer corner of the room, and where 
registers are located under the windows. For a given design outdoor temperature 
(—10 F), the heat loss of this room is dependent upon the construction used. 
In the case of relatively poor construction in which neither wall insulation nor 
storm sash is used, the design heat loss for above-grade construction could be as 
large as 13,000 Btu per hour (see Table 5, Item 1). Assume also that a 2-in. L 
type edge insulation is used along the 27 ft perimeter. The design subfloor heat 
loss, as determined from the values in Table 3, would amount to 27 X 75 or about 
2,000 Btu per hour (see Table 5, Item 2). 

The methods used for determining the remaining items in Table 5 are 
explained in the right-hand column. The panel heating effect from the embedded 
ducts (Items 9 and 10) amount to 2,100 Btu per hour, or only 14.2 percent of 
that required to offset the total room loss. This value was based on an assump- 
tion that the feeder duct supplied air only to registers C and E. Had it supplied 
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air to additional registers beyond C and E, as would be the case in a normal 
installation, an additional panel effect from the surfaces E-F and C-D would 
provide a slightly higher percentage. The heat emitted from the registers 
amounted to 10,700 Btu per hour, or 72.3 percent. In this discussion, all percent- 
age values are stated in terms of room loss under design conditions. 

Similar calculations ter a room having wall insulation and storm sash, and for 
which the total heat loss was only 7,500 Btu per hour, gave values of 21 percent 


TaBLeE 5—EXAMPLE OF HEAT DISTRIBUTION FoR Room SHOWN IN Fic. 9 


ITEM DESCRIPTION OF ITEM VALUE METHOD OF DETERMINATION 
1. Above-ground heat ioss............. 13,000 Btu/hr | Assumed 
2,000 Btu/hr | Table 3 
15,000 Btu/hr | Item (1) + Item (2) 
4. Duct-Air Velocity in Feeder Duct. ...} 420 fpm ies ~ x 0.075 x 0.24 
165-70 
5. Duct-Air Velocity in Perimeter Duct. .| 210 fpm Item (4) + 2 
6. Duct-Air Temperature at B in Fig. 9. .| 145 Reference 4, Fig. 9 
7. Duct-Air Temperature at Register C 
137 F Reference 4, Fig. 10 
8. Duct-Air Temperature at Register E 
9. Heat emitted from floor over Feeder 
Ref. 4 
10. Heat emitted from floor over Perimeter 
Duct between Cand E.............. 500 Btu/hr Reference 3, Fig. 10 
11. Heat emitted from Register C........ 5300 Btu/hr Area (Item 5) x 1.08 
(Item 7-70) 
12. Heat emitted from Register E........ 5400 Btu/hr Area (Item 5) x 1.08 
(Item 8-70) 
13. Total heat gain into room........... 12,800 Btu/hr | Sum of Items 9, 10, il, 12. 
14. Ratio: Panel effect /Total Room Loss.| 0.142 (Item 9 + Item 10)/ 


(Item 13 + Item 2) 
15. Ratio: Register Input/Total Room 


(Item 13 + Item 2) 
16. Ratio: Subfloor loss/Total Room Loss.| 0.135 Item 2/(Item 13 + Item 2) 


and 55 percent for the panel effect and register inputs, respectively. Although 
the examples shown are for a specific combination of duct sizes and edge 
construction, the range of 14 to 21 percent for the panel effect and 72 to 55 
percent for the register input should be indicative of the performance of warm- 
air perimeter heating systems in general. 

The fact that the subfloor loss is of the order of 14 to 24 percent does not imply 
that these relatively large values can be attributed entirely to the use of the 
perimeter type of warm-air heating system. Calculations made of the subfloor 
loss for a conventional type of warm-air heating system, in which the floor slab 
is provided with a 2-in. L type edge insulation but is unheated, indicate that the 
values range from 8 to 16 percent for the two types of building construction 
mentioned previously. In other words, the warmer floors obtained with the 
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perimeter system would increase the total heat loss about 7 percent as compared 
with that for a conventional system. 


CoNCLUSIONS 


The perimeter duct arrangement used in this investigation consisted of an 8-in. 
diameter, galvanized-iron duct embedded in a concrete floor with the duct 
centered 8 in. from the outer wall and 6 in. below the floor surface. Edge 
insulation was installed adjacent to the perimeter duct as shown in Fig. 2. None 
of the air flowing through the ducts was discharged into the rooms. The follow- 
ing discussion applies specifically to this arrangement. 

The heat conducted from the surface of the perimeter duct resulted in a heat 
gain into the room and heat losses through the foundation wall to the outdoor 


Fic. 9. ExamMpLeE SHOWING APPLI- 
CATION OF DATA 


air and to the ground. The subfloor heat loss was found to be a function of duct- 
air temperature, duct-air velocity, outdoor temperature and type of edge 
insulation. A decrease in the subfloor loss was effected by a reduction in either 
the duct-air temperature or duct-air velocity, or by an increase in outdoor 
temperature. Of the four types of edge insulation investigated, the 2-in. L type 
insulation produced the best results. A comparison of the results for the 1-in. L 
type insulation with the 1-in. vertical insulation indicated little difference in the 
subfloor heat losses. The uninsulated floor slab produced subfloor heat losses 
approximately twice as large as those for the slab with the 2-in. L type insulation. 
Hence, the use of an uninsulated floor slab is not recommended for warm-air 
perimeter heating installations. Practical design values of the subfloor heat 
losses for the 2-in. L type insulation and the 1-in. vertical insulation are given 
in Table 3. 

A qualitative analysis of the various methods of applying edge insulation was 
made by a study of heat-flow diagrams. The study indicated that a 2-in. thickness 
of edge insulation was adequate, that the application of L type edge insulation 
could be improved by extending it further under the slab, and that the application 
of vertical edge insulation could be improved by extending it to a greater depth. 
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From an application of the data obtained in this investigation, indications 
were that the distribution of total heat flow in a perimeter heating system, 
depending upon the construction used would be: (1) the subfloor heat loss from 
14 to 24 percent; (2) the panel effect from 14 to 21 percent; and (3) the register 
inputs from 72 to 55 percent. Calculations indicate that the warmer floors 
obtained with the perimeter system would increase the total heat loss about 7 
percent as compared with that for a conventional system. 

A supplemental study was conducted on the durability of various edge insula- 
tion materials (Appendix A). Three of the nine specimens showed little change 
in condition after the 300-day period of installation. However, some fiber boards 
made from organic materials absorbed considerable moisture or deteriorated 
when placed in contact with the moist earth. 

In another supplemental study (Appendix B) an analysis was made of the 
time lags involved in the heat transfer by conduction from the perimeter duct. 
Values of heat transfer lag and the time of response indicated that large lags 
occurred in the mass under the duct, and relatively small lags occurred at the 
floor surface. In spite of the large times of response, little difficulty in room-air 
temperature control is anticipated with a perimeter system utilizing a conven- 
tional room thermostat, because of the relatively large convection input from the 
registers. 
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APPENDIX A 


DvuRABILITY OF MATERIALS FOR EDGE INSULATION 


The edge of insulation of concrete floor slabs usually consists of rigid insulation 
boards applied to the inner face of the foundation wall, either vertically or in an “L” 
shape under the slab. The edge insulation should have stable thermal properties which 
will endure for the life of the building. For this application the materials should be: 
(1) Sufficiently rigid to withstand the pressure exerted by the fluid concrete during 
the pouring operation; (2) Impervious to moisture; and (3) Impervious to decay and 
rot. 

Some of the rigid-board insulation materials that are currently used as edge 
insulations are: fiberboards consisting of wood, cane, mineral wool, or glass fibers; 
corkboards which are coated or contain a large amount of asphalt; and cellular boards 
of glass, rubber, or polystyrene. Most of these materials possess sufficient rigidity for 
use as edge insulation but many are not resistant to moisture and decay. 

A supplemental study of the durability of several edge insulation materials was 
conducted at the Floor Slab Laboratory. Nine different types of edge insulation were 
placed in a vertical position along the corridor wall of Room D, as shown in Fig. 1. 
Each specimen was embedded to a depth of 18 in. so that the upper 4 in. were exposed 
to concrete, the succeeding 4 in. were exposed to gravel, and the lower 10 in. were 
exposed to the soil. The moisture content of a soil sample taken at the time of installa- 
tion was found to be 16 percent based upon the dry weight. The specimens were 


TABLE 6—DURABILITY OF MATERIALS FOR EDGE INSULATION 


Conpuc-| (Ib) Mots- 
| |riviryat TuRE | Frat Conpirion or 
SAMPLE Descriprion ness | Densiry| 70F as In- 10 IN. oF 
No. ‘ (inches) | Ib/eu ft | Reprp | Initial | Final | crease SPECIMEN 
BY Mrr % 

a Cane fiberboard* for Very moist, badly 
sheathing painted deteriorated. 
asphalt coating...... 25/32 | 19.0 | 0.33 | 1.74 » b 

4. Wood fiberboard® for Very moist, slight 
sheathing........... 25/32 | 26.0 | 0.33 | 2.69 | 2.90 b deterioration, some 

delamination. 

3. Asphalt impregnated 
cane fiberboard for Moist throughout. 
expansion joints..... 1 28.0 —_ 3.47 | 3.71 b 

4. Asphalt impregnated 
cane fiberboard for Moist throughout. 
expansion joints.....| 1 24.0 _ 2.92 | 3.30 13 

5. Fiberboard for ex- 
pansion joints, as- 
phalt impregnated Damp throughout. 
1 20.0 | 0.35 | 2.49 | 2.61 9 

6. Fiberboard, asphalt Good. 
enclosed glass....... 1 6.0 | 0.27 1.86 1.93 4 

a Cane fiberboard for Very moist, some 
roof insulation. . .... 1 19.0 | 0.33 2.39 2.87 20 delamination. 

8. Corkboard, coated 
with asphalt........ 2 10.0 | 0.30 | 2.41 e e Good. 

9. Celluar board, glass..| 2 10.0 | 0.42 | 2.47 | 2.50 1 | Good. 


a Not recommended by manufacturer for use as edge insulation, but is frequently installed by builder. 
b Disintegration of specimen during test created unusually low and fictitious values (see Fig. 10). 
ce Some gravel adhered to coating of asphal (applied hot) rendering an erroneous final weight. 
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weighed and installed 24 hours prior to the pouring of the concrete floor of Room D. 
At the end of 300 days, the specimens were removed and weighed, and the condition of 
each specimen was recorded. The results of this study are given in Table 6. Fig. 10 
shows six selected groups of materials studied. The test specimen is shown on the 
right side of each group, while an identical unused specimen of the same material is 


Fic. 10. INsutation MatTertats Usep DvRABILITY 
Stupy (left—SampLe 1N Eacu Group 1s Unusep SPECcI- 
MEN; right—SPecIMEN AFTER 300 Day APPLICATION ) 


shown on the left side. Photographs of the corkboard (Sample 8) and of the cellular 
glass board (Sample 9) were not shown, since neither specimen showed any visible 
sign of change. Both materials seem well adapted for use as edge insulation. The 
asphalt enclosed glass fiberboard (Sample 6) gave minor evidence of change. Distinct 
moisture marks were noticeable on the remaining fiberboards (Samples 1, 2, 3, 4, 5, 
and 7), approximately 8 in. from the top, which were attributed to the marked differ- 
ence between the moisture content of the soil and that of the gravel. No signs of 
deterioration were observed where the specimens were exposed to gravel or concrete. 
However, moisture absorption and detrioration of the materials were observed where 
they were exposed to the moist soil. Samples 1 and 2 deteriorated and were poorly 
adapted for this application. Although Samples 3, 4, 5, and 7, which were asphalt- 
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coated or asphalt-impregnated fiberboards, absorbed some amount of moisture under 
test conditions, it was considered that their application could be materially improved 
by observing the following precautions : 


1. The use of L type construction (Figs. 2a or 2b), which eliminates direct contact 
with the underlying soil, is recommended. 


2. Sufficient drainage should be provided by the use of a layer of coarse gravel under 
the insulation. 


3. A waterproof coating should be applied to both sides of the insulation. 


4. The dampproofing membrane located over the gravel fill should be applied under 
the insulation. 


APPENDIX B 


Heat TRANSFER LAG AND RESPONSE OF THE Mass SURROUNDING THE 
PERIMETER Duct 


When an element of a heating system such as an embedded duct is surrounded by a 
large mass, considerable time is required to heat the mass, which could result in a 
system having a flywheel effect. 

The heat transfer lag at any point in the mass can be considered as the time required 
to detect a temperature change at the point, following a change in temperature at the 
heat source. For example, in the case of a perimeter duct the heat transfer lag at any 
point in the mass surrounding the duct is the time required for a sudden change in 
duct-air temperature to be reflected by a change in temeprature at the point. 

In order to determine the heat transfer lag, a perimeter duct-air temperature of 107 
F and a duct-air velocity of 375 fpm were maintained for several weeks. The input to 
the electric furnace was suddenly doubled, while continuous readings were taken of 
the temperature of the mass surrounding the perimeter duct. The heat transfer lags as 
thus determined are shown in Fig. 11(a). 

The heat transfer lag of the ground below the duct is large and of the order of 12 
hours at a distance of 2 ft from the duct. The lag of the floor surface is a variable, 
having a minimum value of approximately 10 min at a point directly over the duct and 
increasing in magnitude with distance from the duct. The values shown in Fig. 11 
were obtained with a constant room-air temperature of 72 F. Values for a case in 


ROOM TEMPERATURE 
CONSTANT AT 72 F 


8 
TIME OF RESPONSE TIME RE- 
a QUIRED FOR A TEMPERATURE 
HEAT TRANSFER LAG ~ TIME REQUIRED RISE AT ANY POINT TO AT— 
FOR A CHANGE IN TEMPERATURE AT TAIN 63.2% OF THE TOTAL 
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which the room-air temperature is rising, as would occur during the heating period of 
a cold room, would probably be less than those given in Fig. 11(a). It should be 
realized that the heat transfer lags merely indicate when the start of the temperature 
rise will occur, but do not indicate the time required to approach a final steady-svate 
temperature. 

A better indication of the time required for the temperature rise to be substantial 
and for the floor surface to become effective as a heating panel is provided by Fig. 
11(b). The time of response of the mass surrounding the perimeter duct can be 
considered as 63.2 percent of the total time required for the temperature of the mass 
to change from its initial to its final value. The value of 63.2 percent was derived from 
Newton’s law of cooling which states that the rate of temperature change of the mass 
is proportional to the difference in the final and instantaneous temperatures, or 


where 


t = Instantaneous temperature, Fahrenheit. 

6 = Instantaneous time, hours. 

% = Lag coefficient, hours. 

uw = final temperature of the mass, Fahrenheit. 


Equation (B-1) can be solved as a linear differential equation which results in, 
where 


t’ = Instantaneous temperature expressed as a ratio of the difference in final 
and initial temperatures of the mass, or, t’ = (t — uo)/(u — uo). 
wo = Initial temperature of the mass, Fahrenheit. 


The lag coefficient, \, can be determined from a time-temperature curve for any point 
in the mass because when 6= \, then ¢’ = 0.632. Thus, the lag coefficient is equal to 
the time required for a 63.2 percent change in temperature to occur. The values of A 
are shown in Fig. 11(b). 

The impression might be obtained from the times shown in Fig. 11(b) that the 
flywheel effect of a warm-air perimeter heating system is so large that the system is 
unresponsive to sudden changes in heating demand. As indicated previously in Tables 
4(b) and 5, however, the heat emission from the floor panel is a relatively small 
proportion of the total heat emission from a typical warm-air perimeter system 
equipped with registers. In other words, a substantial proportion of the heat loss from 
the house is offset by convection input to the rooms through the registers. Hence, in 
spite of the large times of response shown in Fig. 11(b), actual experience® in a 
home provided with a perimeter system and a conventional room thermostat has 
shown that little difficulty in the control of room-air temperatures occurred. 
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PERFORMANCE OF A WARM-AIR RADIAL-FEEDER 
PERIMETER-LOOP SYSTEM IN A RESIDENCE + 


By M. E. Cuips,* R. W. Roose,** anp S. Konzott, Ursana, IL. 


HE CONSTRUCTION of homes provided with a concrete slab floor laid 

on the ground, has introduced such difficulties as cold floor surfaces and con- 
densation on these surfaces.1 The problems are accentuated when a slab floor is 
used in connection with low-cost housing which is just sufficient to comply with 
minimum construction -standards. The use of conventional warm-air heating 
systems has not completely solved the problem of cold floors even with insulation 
of the floors. Hence, many new approaches have been suggested? and some of 
these have given satisfactory performance in field installations. One such 
approach of distinct promise is that designated as the warm-air radial-feeder 
perimeter-loop heating system, hereafter designated as a radial-feeder perimeter 
system. 


In previous reports of the results obtained in the Floor Slab Laboratory, data 
were given for heat emission? from slab floors heated by embedded warm-air 
ducts, temperature drop‘ of the air circulating in the ducts, and subfloor heat 
losses.5 These studies were devoted to a determination of design factors for 
a perimeter system and were conducted under laboratory conditions. Hence, 


4 Discussions of the three chapters, 1448, 1449 and 1450, appear at the end of this Chapter on p. 250. 
+ This investigation is a part of the cooperative project jointly sponsored by the Engineering 
Experiment Station of the University of Illinois and the National Warm Air Heating and Air Condi- 
tioning Association. This paper reports one phase of an extensive study conducted in Warm-Air 
Heating Research Residence No. 3 during the period from 1949 to 1951. This investigation is being 
continued for the purpose of studying different methods of air distribution and the use of small ducts. 
* Research Associate in Mechanical Engineering, University of Illinois. 


saamen Assistant Professor of Mechanical Engineering, University of Illinois. Associate Member 
of A.S.H.V.E. 


tt Professor of Mechanical Engineering, University of Illinois. Member of A.S.H.V.E. 
1 Exponent numerals refer to References. 


Presented at the 58th Annual Meeting of THe American Society oF HEeaTING AND VENTILATING 
Enerneers, St. Louis, Mo., January 1952. 
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for the purpose of obtaining performance data of a complete perimeter system 
in an actual residence, corollary studies were conducted in Warm-Air Heating 
Research Residence No. 3. One arrangement of a perimeter system, designated 
as a two-loop perimeter system, was studied® during the 1949-50 heating season. 
Although the overall performance of this system was superior to those obtained 
with conventional forced-air systems utilizing either high-wall or low-wall regis- 
ters, the results indicated that the performance could be improved by rearrang- 
ing the embedded ducts. Therefore, during the 1950-51 heating season a radial- 
feeder perimeter system was investigated. In order to determine the optimum 
number and location of the feeder ducts, several duct arrangements were studied. 


The overall objectives of this investigation were to determine: 


1. Uniformity of room-air temperatures at the sitting level throughout the house, 
and the response of the system to thermostatic control, 


Fic. 1. Warm-Arr HEATING RESEARCH RESIDENCE No. 3 


2. Room-air temperature differentials between the floor level and the sitting, breath- 
ing, and ceiling levels, 

3. Pattern of floor surface temperatures with various duct arrangements, 

4. General performance characteristics of the burner and blower, including the 
pressure losses, and a heat balance for the system. 


This paper reports only the results obtained with the radial-feeder perimeter 
system. 


DESCRIPTION AND PROCEDURE 


Residence No. 3, shown in Fig. 1, was a single-story, low-cost home with a 
concrete slab floor. The Residence, which was of standard frame construction, 
was provided with a relatively large amount of glass area. The walls were 
uninsulated but the ceiling was insulated with mineral wool batts of 35% in. 
thickness. With the exception of one picture window, double-hung wood-sash 
windows were used. The windows were not weatherstripped nor were they 
equipped with storm sash; however, storm doors were used. A floor plan of 
the Residence is shown in Fig. 2. The inside dimensions were 24 X 32 ft and 
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the corresponding floor area was 768 sq ft. The design heat ioss of the Residence 
for an outdoor temperature of —10 F and an indoor temperature of 70 F was 
about 51,600 Btu per hr. 

The floor slab construction shown in Fig. 3 consisted of a 4-in. gravel fill 
placed on the original grade, a heavy duplex-paper vapor barrier (dampproofing 
membrane) tarred at the joints, and 4 in. of concrete. The insulation at the 
edge of the slab consisted of a 25/32-in. asphalt-coated fiber insulating board 
placed against the foundation wall and extended downward 12 in. from the top 
of the slab. 
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Fic. 2. FLtoor PLAN OF RESEARCH RESIDENCE No. 3 


The radial-feeder perimeter system consisted of an 8-in. diameter warm-air 
duct embedded in the concrete slab in the form of a single loop around the 
periphery of the floor with a series of 8-in. diameter radial-feeder ducts con- 
necting the perimeter duct to a subfloor plenum below the furnace. A total of 
seven feeder ducts was installed, and provisions were made for blocking each 
duct at both ends so that any combination of the seven feeder ducts could be 
studied. The feeder ducts were 4 in. below the floor surface at the plenum and 
sloped upward to the junction with the perimeter duct which was 2 in. below 
the floor. 

A gas-fired down-flow furnace having an input rating of 65,000 Btu per hr | 
for natural gas was used. The warm air was delivered directly into the subfloor 
plenum below the furnace from which point it was forced outward through the 
radial-feeder ducts to the perimeter duct and then through the floor registers. 
The air moved across the rooms to a single return-air intake in the living room 
and then into the furnace to be reheated. 
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Four studies designated as Series P-11, P-12, P-13, and P-14 were conducted, 
and the duct arrangements are shown in Fig. 4. The three-feeder arrangements 
(Series P-11 and P-12) were considered to be minimum installations for a 
structure of the size of Research Residence No. 3, whereas the five-feeder 
arrangement (Series P-14) was considered an optimum. 

The desired fuel input rate of 65,000 Btu per hr was obtained by adjusting 
the gas-flow rate at the meter. This input rate of 65,000 Btu per hr was deter- 
mined by dividing the design heat loss (51,600) by the assumed bonnet efficiency 
(0.80) of the furnace. The thermostat which was located at the 30-in. level in 
the living room was set at 72 F. The differential setting of the thermostat was 
adjusted to the minimum point to provide frequent burner operations. 

Complete instrumentation was provided for temperature measurement, in- 
cluding approximately 250 copper-constantan thermocouples. Instrumentation 


Fic. 3. DeEtaits oF FLoor SLAB CONSTRUCTION 
SHOWING PERIMETER Duct 


was also provided to measure the relative humidity, electrical inputs to the gas 
valve and to the blower motor, the fuel input rate, the flue gas composition, the 
hours of operation of the blower and burner, and the air-flow rates in the 
duct system. 

Comfort is a difficult item to evaluate and depends upon a large number of 
factors, such as air temperatures, surface temperatures, relative humidity, and 
air movement, as well as a number of less tangible items, such as odor, noise, 
and dust content. Since it was not possible to evaluate all of these items, 
emphasis was placed upon two predominant factors: room-air temperatures and 
floor surface temperatures. The study of air temperatures was devoted primarily 
to the conditions obtained in the living zone between the floor level and the 
breathing level, since temperatures above the breathing level are of little sig- 
nificance as far as comfort conditions in the home are concerned. 


UNIFORMITY OF RooM-AIR TEMPERATURES AT SITTING LEVEL 


The cyclical variation of room-air temperatures was negligible with all four 
series, amounting to less than 0.5 deg. Also, the response of the system to sudden 
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changes in outdoor temperature was considered to be satisfactory since no evi- 
dence of lag or overrun of room-air temperatures was experienced during periods 
of rapidly changing outdoor temperatures. Little difficulty was encountered in 
balancing the system. By merely adjusting the shutter dampers in the floor 
registers, the temperature in any room in the Residence could be readily raised 
or lowered. In the case of Series P-12 and P-13, for which corner feeder ducts 
were not used, the balancing process required more care than with either Series 
P-11 or P-14, as will be discussed later. 

The best balance was obtained with Series P-14, in which five feeder ducts 
were used. The temperature difference between the living room and the two 


SERIES P-i2 SERIES P-i4 


Fic. 4. Four ARRANGEMENTS OF RADIAL-FEEDER 
PERIMETER-Loop SYSTEM 


bedrooms was consistently less than 1 deg, whereas with the other three series 
the temperatures in the bedrooms were generally 1 to 2 deg lower than those 
in the living room. 

The temperature difference between the warmest and coolest areas of the 
living room was only 1 to 2 deg for all four series of studies. In those arrange- 
ments in which corner feeder ducts were not used (Series P-12 and P-13) the 
air temperatures near the corner of the room were 1.0 to 1.5 deg cooler than 
for those arrangements utilizing corner feeder ducts (Series P-11 and P-14). 
This difference indicates the desirability of extending feeder ducts into the 
corner areas. 


Room-Air TEMPERATURE DIFFERENTIAL 


Satisfactory temperature differentials were obtained with all four feeder duct 
arrangements. The temperature gradients at seven measuring stations in the 
Residence for an outdoor temperature of about 20 F are shown in Fig. 5. A 
summary of the differentials between the floor and breathing levels is included 
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with the figure. The average differential for the five-feeder arrangement (Series 
P-14) was only 2.7 deg, which was about 0.8 deg lower than those for the other 
three arrangements. This improvement was attributed to the larger panel heat- 
ing effect resulting from the use of a larger number of feeder ducts and to the 
more effective location of the feeder ducts. In any case, the temperature differ- 
entials ranging from 2.7 to 3.5 deg for the radial-feeder perimeter system, were 
only about one-third as large as those observed with three conventional warm-air 
systems studied® previously in the same Residence. Furthermore, the tempera- 
ture differentials for the radial-feeder perimeter system were equally as good 
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Fic. 5. Room-Arir TEMPERATURE GRADIENTS FOR RADIAL-FEEDER PERIMETER- 
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as those experienced with conventional warm-air systems studied’ in Research 
Residence No. 2 which was a fully insulated one-story structure with full 
basement. 

Based upon a comparison of the differentials shown in Fig. 5, the following 
generalizations were made: 


1. Locating the feeder ducts so that they extended into exposed corners of the floor 
provided an additional heat source in an area which tended to be cool, resulting in more 
satisfactory differentials in those areas. (Compare difference between Series P-11 and 
P-12 for living room east with difference between the same series for living room 
west.) 

2. Locating the registers below windows resulted in lower differentials. This resulted 
from the fact that the warm air mixed with the downward current of cool air from the 
windows. (See Series P-11. Compare kitchen and living room northwest.) 

3. The use of a larger number of feeder ducts generally resulted in improved differ- 
entials since the panel heating effect was increased. (Compare Series P-11 and P-14.) 
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However, the location of the feeder ducts was more important than the number used, 
provided that the number was sufficient to assure an adequate delivery of warm air to 
all sections of the perimeter duct. (Compare Series P-11 and P-13.) 


The temperature gradients shown in Fig. 5 were for an outdoor temperature 
of 20 F. For outdoor temperatures other than 20 F, the temperature differential 
from floor to breathing levels changed at a rate of about 0.5 deg for each 10 deg 
change in outdoor temperature. This rate of change was smaller than those 
observed with a conventional warm-air system in an insulated residence’ pro- 
vided with storm sash. The conclusion was reached, therefore, that as far as 
the room-air temperature conditions were concerned, the change in weather 
did not materially affect the environmental conditions for the occupant. 

A special study was conducted in the bathroom with two arrangements of 
warm-air registers. In an earlier installation the warm air was delivered into 
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the bathroom through a high-wall register, which was connected by means of 
a stack to the perimeter duct. In the second installation the warm air was 
delivered into the bathroom through a register located at the base of the bath- 
tub. For this purpose the bathtub was raised 2 in. above the floor, and warm 
air was delivered directly from the perimeter duct into the space below the 
bathtub and then into the room. In both arrangements, a feeder duct was 
embedded in the floor of the bathroom. Typical temperature gradients obtained 
at an outdoor temperature of 10 F are shown in Fig. 6. The temperature 
differentials when the high-wall register was used were 5 deg between the floor 
and breathing levels, and 16.6 deg between the floor and ceiling levels. The 
corresponding differentials with the delivery below the bathtub were —3.4 deg 
and —3.4 deg respectively. As is evident from Fig. 6, the temperature at the 
sitting level for the high-wall register installation was only 70.7 F. Attempts 
to increase this temperature to 72 F were not successful, even with the register 
dampers opened wide. 


FLoor SURFACE ‘TEMPERATURES 


The patterns of floor surface temperatures obtained with Series P-14 and 
P-11 were better than those with Series P-12 and P-13 for which the feeder 


. 
TEMPERATURE, F 
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ducts did not extend into the corners. Attempts to attain desirable floor surface 
temperatures with Series P-12 and P-13 involved difficulties in obtaining a good 
balance of room-air temperatures. With these series the floor surface tempera- 
tures were iow in both the southeast corner of the living room and the south- 
west corner of the south bedroom. By suitable adjustments of the register 
dampers, it was possible to increase the air-flow rate through the corner sections 
of the perimeter duct and thereby increase the floor surface temperatures in 
those corners. However, the increase in the flow rate through the corner perime- 


(Weather: No Sun; Wind 9-12 mph (S.W.); Outdoor Temp., 30-35 F) 


Fic. 7. Fitoor SurFace IsoTHERMS WITH RADIAL-FEEDER PERIMETER-LOOP 
System (Serres P-11) 


ter duct was accomplished only by reducing the flow rate through the register 
nearest the feeder duct, which in turn made it difficult to supply sufficient heated 
air to the room to maintain the desired room-air temperature. Furthermore, 
the reduction in flow rate through the nearest register resulted in excessive air 
velocities through the register farther down the duct. 

Typical floor surface isotherms are shown in Fig. 7 for Series P-11. These 
isotherms represent conditions at the end of a three-day period during which 
the outdoor temperature was about 30 F, cloudy weather prevailed, and the wind 
was approximately 10 mph from the west. Although a more uniform pattern 
of temperatures was obtained with the five-feeder arrangement (Series P-14) 
than with Series P-11, the pattern for the simpler three-feeder arrangement 
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has been shown, since it is more representative of the type of perimeter systems 
applicable to small houses. 
In connection with Fig. 7, the following observations were made: 


1. The floor surface temperatures in the kitchen were low. This resulted from the 
fact that the distance along the feeder and perimeter ducts from the subfloor plenum 
was great. However, since most of the floor area was devoted to cabinets and was not 
normal living space, the temperatures were not considered to be critically low. This 
low temperature area does indicate the need for extending feeder ducts into corner 
areas as well as for having all sections of the perimeter duct at relatively short air- 
flow distances from the subfloor plenum. With Series P-14 a feeder duct was extended 
into the corner of the kitchen and the resulting floor surface temperatures were con- 
siderably improved over those shown in Fig. 7. 


2. The practically parallel isothermal lines over the feeder ducts were typica! for a 
perimeter system in which the depth of the feeder ducts varied from about 4 in. at the 
furnace to 2 in. at the junction with the perimeter duct. This temperature pattern 
closely resembles that obtained from the studies in the Floor Slab Laboratory. 


3. For an outdoor temperature of 30 F the maximum floor surface temperatures did 
not exceed 85 F, except for an area within about 2 ft of the subfloor plenum. Under 
average winter weather conditions for the locality, therefore, the floor surface 
temperatures in the entire living area were well below the commonly accepted§ 
maximum value of 85 F. 


From an analysis of the floor surface temperatures experienced over a wide 
range of indoor-outdoor temperature differences, the following generalizations 
were made: 


1. As the outdoor temperature decreased, the floor surface temperatures in those 
areas away from the embedded ducts, and in areas near the perimeter duct but at a 
considerable distance from the sub-floor plenum, did not change appreciably from those 
shown in Fig. 7. However, surface temperatures exceeding 85 F were obtained in three 
localized areas : 


a. The temperature of the floor near the furnace increased considerably with the 
higher duct-air temperatures which accompanied low outdoor temperatures. For 
example, the surface temperatures directly above the feeder duct and 15 in. from the 
subfloor plenum increased to 110 F when the bonnet-air temperature was near the 
maximum value of 170 F. The surface temperatures decreased sharply, however, with 
an increase in distance from the subfloor plenum, so that the temperature above the 
feeder ducts attained a maximum value of only 95 F at a distance of 5 ft from the 
plenum. Furthermore, at a distance of 15 in. from the plenum and 18 in. from the 
nearest feeder duct, the floor surface temperature attained a value of only 85 F. 


b. Beyond a distance of 5 ft from the plenum, the surface temperatures directly 
above the feeder ducts attained values of 95 to 100 F at an outdoor temperature of 
—10 F. Also, temperatures in excess of 85 F existed for a distance of less than 15 in. 
on each side of the centerline of the ducts. 


c. Warm floor surfaces were obtained directly above the tee connections that joined 


the feeder duct to the perimeter duct. For an outdoor temperature of —10 F this - 


surface temperature was about 100 F. 


2. From the standpoint of comfort, as affected by floor surface temperatures, the 
commonly accepted® maximum values are 85 F for living spaces and 120 F for borders 
and aisles. Since the surface temperatures observed near the furnace and over the tee 
fittings were less than the value of 120 F for borders, neither of these areas was 
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considered critical. It is true that a narrow strip of floor above the feeder ducts 
attained temperatures in excess of the 85 F accepted as a maximum for living areas. 
However, since such temperatures were obtained only in severe weather and since the 
critical area was narrow, exceeding these accepted limits was not considered serious. 


PERFORMANCE OF THE BURNER AND BLOWER 


Complete performance data for the burner and blower were obtained over a 
wide range of indoor-outdoor temperature differences. The general performance 
characteristics of the burner and blower were essentially the same for all four 
duct arrangements since the operating conditions of the furnace were identical. 
These operating conditions were in accordance with those recommended in the 
continuous air circulation principle.® That is, the differential setting of the 
room thermostat was adjusted to provide short cycling of the burner during 
mild weather, the fuel input rate was adjusted to a value equal to the heat loss 


TABLE 1—SUMMARY OF PERFORMANCE DATA FOR BURNER AND BLOWER AT AN 
OvutTpoor TEMPERATURE OF 35 F 


c. Electrical input to blower motor, watt hours per day............. 2700 
d. Average bonnet-air temperature, Fahrenheit.................... 113 
g. Average flue gas temperature, Fahrenheit....................... 265 
h. Fuel consumption, cu ft of gas per day......................-.. 500 


of the house divided by the assumed bonnet efficiency, the blower was adjusted to 
provide a temperature rise through the furnace of 100 deg, and the fan switch 
settings were low enough to cause the blower to operate almost continuously. 
A summary of the performance data for an outdoor temperature of 35 F is 
shown in Table 1. 

A comparison was made of the actual fuel consumption with the theoretical 
requirements. For instance, the fuel consumption curve indicated an average 
consumption of 1,175 cu ft per day (49,000 Btu per hr) at an indoor-outdoor 
temperature difference of 80 deg and an average wind velocity of only 7.5 mph. 
For these same weather conditions the calculated heat loss was 43,200 Btu per 
hr and the corresponding theoretical input rate was 54,000 Btu per hr for an 
assumed bonnet efficiency of 80 percent. This difference of approximately 5,000 
Btu per hr between the actual and theoretical input rates was attributed to the 
vagrant heat gains from the furnace casing and flue pipe, and the direct heat 
gains from lights, etc. 

On the assumption that this difference of 5,000 Btu per hr for vagrant and 
direct heat gains would also occur under design conditions (51,600 Btu per hr 
heat loss for an indoor-outdoor temperature difference of 80 deg and 15 mph 
wind velocity), a margin of safety amounting to 8 percent of the theoretical 
input rate of 65,000 Btu per hr would be provided. Hence, the practice of 
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selecting the fuel input rate on the basis of the total calculated heat loss divided 
by the assumed bonnet efficiency appears to be reasonable. 


PressuRE Losses FoR THE Duct SysTEM 


In connection with the blower performance, measurements were made of the 
pressure losses for the duct system for Series P-11. Calculated values were 
obtained by the procedure given in the Appendix. A comparison of these meas- 
ured and calculated values is summarized in Table 2. The values shown in 
column 1 represent calculated pressure losses. Although a discrepancy was 
noted between the estimated pressure loss through the registers (0.007 in. of 


TABLE 2—PressuRE Losses FOR PERIMETER Duct SysTEM (FoR SERIES P-11) 


CALCULATED 
VALUES FROM OBSERVED 
APPENDIX A* VALUES* 
(2) 
1. Total Air-Flow Rates 
2. Pressure Losses Through Warm-Air Duct System 
of water b 
3. Pressure Losses Through Return-Air Duct System 
4. Total Pressure Available External to Blower...... 0.0906 in. 0.098 in. 
of water of water 


* Values based on theoretical cfm requirements for system. 
a Measurements made with no heat supply to furnace. 

b Not measurable. 

e Estimated value based on wide-open register. 


water and the observed pressure loss 0.025 in.) the totals of the pressure losses 
for the warm-air duct system (Item 2d) were practically the same. A reasonably 
good agreement was also shown in the corresponding values for the return-air 
duct system (Item 3c) and for the entire system (Item 4). Considering the 
numerous assumptions made in the calculation procedure, and the fact that the 
air-flow rates (Items la and 1b) were not in agreement, the correlation between 
the actual and calculated values was good. This was particularly true when 
the calculated pressure losses for the ducts (Items 2a, 2b, and 3a) were adjusted 
to the actual flow-rates, and the calculated register loss (Item 2c) was arbi- 
trarily increased to the measured value of 0.025 in. In any case since the total 
loss of the entire duct system was only of the order of 0.10 in., and since the 
blower-furnace unit was rated to discharge air against an external static pressure 
of 0.20 in., it was apparent that the warm-air ducts could have been reduced 
in size. 
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Heat BALANCE 


A detailed study was made of the heat balance for the radial-feeder perimeter 
system (Series P-11 and P-12). The heat gains and heat losses for the Resi- 
dence were computed from established heat transfer equations and special meas- 
urements. Since the calculations were too extensive to reproduce here, only a 
summary of the final results for Series P-11 is presented. The data in Table 3 
show calculated and measured values for the components of heat balance, for a 
day in which the outdoor temperature was 35 F, a 10 mph wind velocity pre- 
vailed, and no solar heat gain occurred. The calculated values for the subfloor 


TaBLE 3—CoMPONENTS OF HEAT BALANCE FOR RADIAL-FEEDER PERIMETER 
SysteM (Series P-11) 


CALCULATED MEASURED 
ITEMS VALUES, VALUES, 
Bru PER HR Bru PER HR 
Offset by: Subtotals 
a. Warm Air from Floor Registers. ............. 9,350 
c. Furnace Casing Heat Transfer............... 1,100 
3. Subfloor and Above-Ground Losses.............. 21,700 22,380 


Note: Values based on outdoor temperature of 35 F and wind velocity of 10 mph. Observed values 
—* on Feb. 16, 1951, during which wind was from the southwest and no solar heat gain 
occurred. 


heat loss and the above-ground heat loss were determined in accordance with 
the usual methods for calculating the heat losses of a structure. The total cal- 
culated loss was 21,700 Btu per hr. Assuming a flue gas loss of 20 percent, 
which was equivalent to 5,450 Btu per hr, the theoretical required input rate 
(to be supplied by the furnace) was determined to be 27,150 Btu per hr. 

The following observations were made from an analysis of the calculated 
and measured values presented in Table 3: 


1. The calculated value for subfloor loss (Item 1), as based upon a heat loss factor 
of 45 Btu per hr per linear foot of exposed edge of the floor slab, was low. This was 
attributed to the fact that the factor of 45 Btu per hr was determined in the Floor Slab 
Laboratory! for a 1-in. thick insulation which extended 18 in. downward along the 
edge of the slab, whereas in Research Residence No. 3 the insulation was only 25/32-in. 
thick and extended downward to a depth of only 12 in. 

2. The calculated value for the above-ground heat loss was in excellent agreement 
with the measured value (Item 2). 


3. The net flue gas loss, as measured at the point where the flue pipe left the living 
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space, was only 3,970 Btu per hr. When the heat regains from the flue pipe (Item 2d) 
and the furnace casing (Item 2c) were taken into account, the gross of 5,440 Btu per 
hr was practically identical to the calculated value of 5,450 Btu per hr. The calculated 
value is hased upon the conditions at the flue outlet of the furnace. 

4. Although the total measured input rate to the Residence was 26,350 Btu per hr, 
the heat supplied by the furnace amounted to only 23,750 Btu per hr. The difference 
was attributed to the electrical energy input (Item 2e¢) and the heat gain from 
observers (Item 2f). 

5. The only unavailable energy was the net flue gas loss as determined at the ceiling 
level where the flue pipe left the living space. This was equivalent to 16.7 percent of 
the average hourly fuel input to the furnace. In other words, the overall efficiency of 
the furnace in this installation can be considered to be 100.0 —16.7, or 83.3 percent. 


6. The value for the panel heating effect from the heated floor slab (Item 2b) was 
about one-third as large as that for the energy entering the rooms through the registers 
(Item 2a). In other words, the system functioned primarily as a convection system, 
but to some extent as a panel heating system. The total of Items 2a and 2b was 12,440 
Btu per hr, which represented about 77 percent of the heat supplied to offset the above- 
ground heat loss. The remaining 23 percent was supplied by direct and vagrant heat 


gains. 
CoNCLUSIONS 


The radial-feeder perimeter system discussed in this paper consisted of an 
8-in. diameter warm-air duct embedded in the concrete slab in the form of a 
single loop around the periphery of the floor and of a series of 8-in. diameter 
radial-feeder ducts connecting the perimeter duct to a subfloor plenum below 
the furnace. A down-flow furnace was used with the system and the warm air 
was forced directly from the furnace into the subfloor plenum from which point 
it was delivered through the feeder ducts to the perimeter duct and then into 
the rooms through floor registers. The air moved across the rooms to a single 
return-air intake in the living room and then into the furnace to be reheated. 


The response of the system to sudden changes in outdoor temperature was 
considered to be satisfactory since no evidence of lag or overrun of room-air 
temperatures was experienced during periods of rapidly changing outdoor tem- 
peratures. The conventional room thermostat used with the system proved to 
be satisfactory for controlling the room-air temperature. The practice of balanc- 
ing the system by means of adjusting the shutter dampers on the floor registers 
proved to be satisfactory. 

Room-air temperature differentials were small. For example, at an outdoor 
temperature of 20 F the temperature differentials from the floor level to the 
breathing level ranged from 2.7 to 3.5 deg for the four duct arrangements. These 
temperature differentials were equally as good as those experienced with a 
conventional warm-air system in a well-insulated house with a full basement. 


Floor surface temperatures were satisfactory for the duct arrangements in 
which feeder ducts extended into the exposed corners of the floor. In cases 
where feeder ducts were not extended into the corner areas, the floor surface 
temperatures tended to be low. Floor surface temperatures in excess of the 
commonly accepted maximum value of 85 F for living areas were experienced. 
However, these temperatures occurred only in narrow sections of floor directly 
above the feeder ducts and were not considered critical. In no case did tem- 
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peratures above the perimeter duct, or in areas along the walls adjacent to the 
subfloor plenum, exceed the value of 120 F commonly accepted as the maximum 
for borders and aisles. 

The operating conditions for the system, which were exactly the same as those 
for the continuous air circulation principle, proved to be satisfactory for the 
perimeter system. 

The actual pressure losses for the warm-air and return-air duct systems were 
in reasonably good agreement with the calculated values. Furthermore, the 
pressure loss external to the blower-furnace combination was less than the 0.20 
in. of water available. This indicated that some reduction in the size of feeder 
and perimeter ducts could be made without exceeding the limit of 0.20 in. 


In connection with the fuel input rate a comparison of the actual fuel con- 
sumption with the theoretical requirements indicated that there was a margin 
of safety of 8 percent in determining the theoretical input rate. This difference 
of 8 percent between the actual and theoretical requirements indicates that the 
practice of selecting the fuel input rate on the basis of the total calculated heat 
loss divided by the assumed bonnet efficiency is reasonable. 

On the basis of the results obtained with the four separate arrangements for 
the radial-feeder perimeter system it was evident that such a system should be 
designed so that (1) feeder ducts extend into exposed corners of the floor, (2) 
the total air-flow distances from the subfloor plenum to the registers are rela- 
tively short, and (3) relatively high air-flow rates are maintained in all sections 
of the perimeter ducts. 
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APPENDIX 


CALCULATED PRESSURE LOSSES FOR THE Duct SysTEM 


The following summary gives essential details of the simplified procedure followed 
in calculating the pressure losses for the radial-feeder perimeter system. The duct 
system for the three-feeder arrangement (Series P-11) was considered. 


1. The design heat loss for the Residence, including the subfloor loss, was calculated 
as 51,600 Btu per hr. 

2. The design bonnet-air temperature was assumed to be 170 F and the return-air 
temperature to be 70 F. Therefore, the design temperature rise through the furnace 
was 100 deg. 


- 
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3. The air-flow rate in the return-air duct was calculated to be 478 cim at a 
temperature of 70 F. 


4. The average length of the feeder ducts was 18 ft. The average temperature drop 
through the feeder ducts was assumed to be 30 deg, giving an average feeder duct-air 
temperature of 155 F. The total air-flow rate in all the feeder ducts, at a temperature 
of 155 F, was calculated to be 555 cim. This value was also used for the total air-flow 
rate entering the perimeter duct. 


5. The average air-flow rate through each of the three feeder ducts was assumed to 
be one-third of 555 cim, or 185 cfm. The average flow through any section of the 
perimeter duct was assumed to be one-half of 185 cfm, or 93 cfm. 


6. The pressure loss for the 8-in. diameter feeder duct was determined from the 
air-friction chart§ as 0.065 in. of water per 100 ft of duct. The total equivalent length 
of a single teeder duct (including subfloor plenum entrance, a 90-deg elbow, and tee 
junction) was 88 ft. The pressure loss in the feeder duct was 0.88 x 0.065, or 0.057 in. 
of water. 


7. The average length of perimeter duct from the tee junction to the midpoint of the 
perimeter duct, included between two junctions, was 20 ft. The pressure loss for the 
8-in. diameter perimeter duct carrying 93 cfm was determined from the air-friction 
chart as 0.018 in. per 100 ft of duct. The pressure loss for the 20-ft section of duct was 
0.20 x 0.018, or 0.0036 in. of water. 


8. Since the perimeter duct size was constant, the duct was considered to function as 
an extended plenum. Hence, it was assumed that the static pressures would be 
practically constant at all sections in the perimeter duct. 

9. The average air-flow rate through each of the nine registers was assumed to be 
63 cfm. Since no data were available on pressure losses through a floor register at 
right angles to the direction of flow in the main duct, the available information on a 
register in a stackhead was used. For this purpose, the data from Reference 11 (p. 42, 
Table 11) for a 14 in. x 4 in. register were used. The register resistance was given 
as 0.051 in. for a stack velocity of 500 fpm. For the average stack velocity of 180 fpm, 
corresponding to the average conditions in the perimeter installation, the register loss 
was considered to be 0.007 in. for a wide open register. If dampering were used, the 
value of 0.007 in. would be low. 

10. The equivalent length of the 8 in. x 20 in. return-air duct, including one 90-deg 
shortway elbow, was 17 ft. The pressure loss for the duct for the air-flow rate of 478 
cfm was 0.03 in. per 100 ft, or 0.005 in. for the 17-ft length. 

11. From Reference 11 (p. 22, Fig. 6) the pressure loss for a bar register having 75 
percent free-area opening was shown to be equal to 2.0 velocity pressures. Hence, the 
pressure loss for the 30 in. x 8 in. return-air intake at a free-area velocity of 382 fpm 
was considered to be 0.018 in. 


A comparison of these calculated pressure losses and the measured pressure losses 
is presented in Table 2. 
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DISCUSSION 


E. K. Campsett, Kansas City, Mo.: I don’t think anybody can now charge that this 
is a Society of steam engineers. It has been said in the past and it was quite natural, 
because in the early history of the Society there were no engineers in the furnace 
business. There were just tinkerers. 

Sixty years ago I began working for my father. He was putting in warm air 
furnace systems in brick castings, and my job was to paint the pipes. He painted 
them instead of covering them with asbestos paper. At that time most furnaces were 
installed on the basis of taking all of the air from out-of-doors and passing it through. 
There was no provision for venting. The theory was that the heat must be delivered 
to the outside wall, the cold part of the room. 

This system failed because there were no fans and no insulation. About 1870 my 
father took out a basic patent on recirculation of air over a furnace. The recirculating 
system solved some of the problems that were bothering the furnace industry; so that 
despite the fact that he did not do so much with it, it rapidly became the preferred 
method, and by the time work started at the University of Illinois, it was the accepted 
method of testing. 

Now, as in other systems, when reduced to rules, corners were cut, safety factors 
removed and many troubles resulted. This brought about dissatisfaction with warm air 
systems, a consequence which has been corrected only in recent years. 

Much of the progress in the residential field is due to work that has been done at the 
University of Illinois starting under Prof. A. C. Willard, followed by many others up 
to the present authors. They have done a worthy job, and this particular piece of 
research work which they have presented here today adds materially to the information 
as to how to install a system of this kind. 

I do not particularly accept their comparison between the perimeter system which 
they tested, and the high wall system that they tested, because the high wall system 
is something I have never liked. It is not designed for conditions such as cold concrete 
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floors, and thus the comparison is unfair. Each new innovation in the warm air field 
has been greeted with enthusiasm with its proponents claiming that the proposed 
improvements would rectify previous troubles. There is a little bit of that element 
now in the attitude of some of those who are advocating the perimeter system. A 
speaker before the Kansas City Chapter a short time ago made some rather startling 
comparisons, which I didn’t believe. It seems to me that more effort might be applied 
to improving the systems we now have. This would be doing a better job for 
customers and for the industry than to skate around after every new theory that comes 
along. 

Now we have the perimeter system, with some refinements, the basic principle of 
which is that the heat must be delivered to the outer wall, which was proposed sixty 
years ago. 

I am not saying that to criticize the work which has been done at the University of 
Illinois, but I am simply pointing out a fact. As a result of their studies they have 
helped to make the system do what it ought to do. 


S. R. Lewis, Chicago, Ill.: The emphasis that has been put on perimeter heating as 
illustrated by these excellent papers, as being limited to service in low cost houses 
is unfortunate. There is no reason that the idea shouldn’t be applied to the most 
expensive house that anybody can afford to build. It works splendidly. 

| notice particularly in the sketches that the authors have shown, old-fashioned 
floor registers placed here and there around the edges of each room. I don’t want a 
register under the piano. 

We designed a number of large residences with perimeter heating. There was 
argument in my drafting room as to what kind of air supply grille could be installed, 
with a control damper. The grille should not make it necessary to cut the expensive 
rugs, and the entering air should not damage the new furniture. 

Why not apply some of the ideas that we have learned with modern hot water 
heating, where small radiators are placed all around the outside wall? With a perimeter 
duct, why not use some slots for air inlet openings: Why not run a branch duct to 
the window, turn it out paralleling them with a perforated baseboard? 

Well, there are lots of ideas like that that we are using right along. We are 
applying it to a great big dormitory in an insane asylum where radiators were imprac- 
tical because of the danger of the inmates getting burned. I applied it in Kansas at 
least fifteen years ago, using radiant underfloor warm air heating. It was satisfactory 
then to use conducted heat through the floor from the duct imbedded in the concrete. 
We didn’t at that time have this wealth of information shown in these excellent papers, 
and did a lot of guessing. I’m happy we guessed correctly. 


F. E. Ince, St. Louis, Mo.: I think the members ought to know about the system 
that R. P. Scott has patented, since this perimeter heating is on the floor. He has a 
series of ducts which radiate about from a heated stack in a single-story residence. 
For example, he places a steam coil in the basement and allows the air to pass up 
through this stack and radiate about the joists in the ceiling, and it is allowed to 
turn down through the side walls, the side walls being insulated from the exterior with 
a small passage on the interior wall. 

This type of heating system has been applied to several buildings in this locality. 
I had the opportunity of visiting one of them and it was very, very comfortable. The 
occupants were well satisfied with this type of heating plant. I don’t know how basic 
the patent is, but apparently it is a well designed system, and has been worked out 
with some detail, and apparently works with some satisfaction. 


P. R. AcHENBACH, Washington, D. C.: The three papers on warm air perimeter 
heating sponsored by the University of Illinois and the National Warm Air Heating 
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and Air Conditioning Association are very interesting and informative. Several 
questions and comments came to mind as I listened to the authors. 

Relative to the heat losses from a floor slab with perimeter heating, how long were 
the indoor and outdoor temperatures steady prior to the periods for which analysis 
of the ground heat loss and edge heat loss were made? Was the percentage of ground 
and edge heat loss approximately constant for all indoor-outdoor temperature 
differences ? 

Do the authors have information on the ability of a damp-proofing membrane placed 
over the gravel to keep water out of perimeter ducts when the water table rises 
during wet weather? I recently made investigations in a housing project where the 
return air ducts were embedded in a concrete floor about 18 in. below the surface. 
I do not know what type of construction was used below these ducts, but on several 
occasions the ducts filled with water and prevented return of cold air to the furnace. 
It is important to know whether or not the membranes illustrated do keep out water. 

The authors of the paper on the warm-air radial-feeder perimeter loop system stated 
that the kitchen floor was cold for the P-11 series of tests. It occurred to me that the 
cold floor probably resulted from a lack of movement of air in the section of perimeter 
duct in the kitchen since the floor registers were just around the corner from the 
kitchen. Should there not be a register in the perimeter duct about midway between 
the radial feeders so there will be warm air flowing through the entire perimeter duct? 

Do the authors have data on the comparative overall heat loss of the structure for 
the various duct systems used, including the gravity system, and the forced warm air 
system with the low-wall supply ducts and high-wall returns and with high-wall 
supply ducts and low returns? Our experience at the National Bureau of Standards 
shows that the heat loss from a given structure is considerably different for these 
different systems. 

The use of the space underneath a steel bathtub as a warm air plenum is a question- 
able practice, in my opinion. I had occasion to investigate some houses with concrete 
floor slabs containing heating ducts in which the bathtub was used in this manner. 
The furnace was near the tub and a rather short duct connected the supply plenum 
and the hollow bathtub. In some houses the bottoms of the tubs were so hot you 
could not hold your hand on them. The hazard involved in these cases was obvious. 

I am also interested in the use of a register in the base of the bathtub for a warm air 
outlet. Have the authors tried drying themselves after a bath in front of a tub so 
equipped? It seems to me that air at temperatures as high as 120 F to 130 F might feel 
cool on your wet body. 


G. O. Hanpecorp, Saskatoon, Saskatchewan, Canada: This excellent series of papers 
is of considerable interest to us from Saskatchewan, particularly in connection with 
heat losses from the floor slab. 

One of the slides presented by the authors illustrated curves to be used for design 
purposes in which outdoor air temperature was an ordinate. Since the duration of 
low outside air temperatures influences ground temperatures and their cyclic variation, 
I would be interested in the authors’ opinion as to whether the data presented would be 
applicable to more severe conditions such as are experienced in our Canadian winters. 

In regard to the slab edge insulation, it would be of interest to know whether any 
consideration has been given to the placement of this insulation on the outside of the 
foundation wall. When such insulation is placed inside, the foundation wall and conse- 
quently the lower portion of the house wall will be colder than if no insulation has 
been used. In severe climates such as ours, this lowering of temperature could precipi- 
tate surface condensation problems. If the insulation is located on the outside of the 
wall, this lowering of temperature will not occur. 

I should also like to ask of the authors’ experience with water collecting in the 
ducts, a question which Mr. Achenbach has already raised. We have heard of such 
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conditions arising whereby humidity conditions within the house have become excessive, 
resulting in serious surface condensation problems. 


G. L. Tuve, Cleveland, Ohio: These data will certainly give us more to work with 
as regards warm air systems for one-story houses. I would like to second Mr. 
Lewis’s suggestion that we consider these types of sytems as applied to larger houses 
as well as to low-cost houses. Instead of 750 sq ft, I’d like to consider about two 
to three times that much. 

I just finished building for myself a one-floor house of about 1,800 sq ft, and I used 
a warm-air system, but I rejected the slab on grade for several reasons. It seems to 
me that even if a basement is not needed, a good case can be made for wood joists and 
frame construction, to obtain floor resilience and a wide choice of floor coverings. 
I decided to use a 3 ft crawl space, and to experiment with the use of this space as a 
return air plenum. The foundation walls are of lightweight block with voids filled 
with vermiculite. The floor of the crawl space is a 4 in. slab of vermiculite concrete, 
with a good vapor barrier on a 4 in. slag fill. 

In a ranch-type house the entire structure becomes a sandwich between two heat 
losses, and insulation both above and below is very important. I should like to ask 
what have been the results of any experience at the University of Illinois with slab 
insulation in the form of vermiculite concrete. 

From my own experience, I am enthusiastic about this crawl-space plenum arrange- 
ment. The system is operating its second heating season and both the insulating 
value and the vapor barrier have been satisfactory. The space was kept completely 
closed and without ventilation during the summer, with no trace of odor or mustiness. 
We have had some good floods in Cleveland, but never the slightest bit of moisture 
has been detected over this entire area. There has been no increase in humidity in the 
house during the winter, in fact the indoor humidity is very low. 

I have operated my system both ways, with return air through ducts and with 
return through the plenum. I think there are some possibilities here we have been 
overlooking both as regards getting low floor-to-ceiling gradients, completely warm 
floors, and yet having the advantages of wall-to-wall carpets with plenty of padding 
and resilient floors. 

We have overemphasized and cheapened the low-cost house, and cheapened the 
warm air system as a result. I would like to make an appeal for more experimentation 
on the application of warm air to larger houses with intermediate variations between 
the slab construction on grade and the conventional construction with full basement. 


J. T. Lyncu, St. Louis, Mo.: I suppose there are as many different types of heat- 
ing systems as breakfast cereals. When someone comes to me for advice on a 
particular heating system, I point out this fact with a brief explanation of the different 
features to be found in each system. I always let my client do the choosing. 

About four years ago a young man asked my advice concerning a home he was build- 
ing which was to have perimeter heating. This was before any large amount of resi- 
dential construction was undertaken using perimeter heating. Little was known about 
perimeter heating at the time, or at least I had not read much about it. In this case 
we used 2 in. of vertical insulation extending to a depth of 18 in. along the outer wall 
and we placed 4 in. of gravel on the ground, and then, in order not to have the duct 
work float when the concrete was poured—we had a vapor barrier, of course, over the 
gravel—we put in 4 in. of insulated concrete which reached to the maximum diameter 
of the duct. This was allowed to set and the floor slab was poured on top. This worked 
out very satisfactorily. 

A question was brought up at the meeting here about the residence with the three 
leaders extending from the center of the furnace, and that perhaps more even heating 
would have been experienced had a grille been placed in the corner of the kitchen. 
Tests in the home we constructed showed that very little air will flow between two 
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registers that are adjacent to the leaders. Therefore, in this pipe I don’t believe there 
would be any chance of heated air being delivered to the corner of the kitchen by 
installing a grille in the corner. However, another leader extended to the corner of 
the kitchen would correct this condition. 


D. L. Mitts, Rome, N. Y.: As a matter of interest in connection with Professor 
Tuve’s remark about cost, I recently learned in talking with a large heating contractor 
in Chicago, that the only reason he installed one type of heating system is because the 
cost of it enables him to get the job—not that he thinks it is a good system! 

I think the authors should be complimented on the work they have done here. Much 
emphasis is laid on room air temperature and temperature gradients. Inasmuch as 
room air temperature may not be a proper index of comfort conditions, I would like 
to ask the authors the effect of perimeter heating on the inside surface temperature 
of outside walls. 


M. K. Faunestock, Urbana, Ill.: I would like to make a few remarks to try to 
orient ourselves in relation to this particular research work. 

First of all, as I sat here and saw Mr. Langenberg of your St. Louis group here, I 
couldn’t help but remember that he was one of the persons who, back in 1918, organized 
and initiated what is now the National Warm Air Heating and Air Conditioning 
Association’s Research Program at the University of Illinois. This research work in 
warm air heating has been going on continuously since that time. I want to take this 
opportunity to point out that a large part of the work reported on here this afternoon 
was a joint project between the National Warm Air Heating and Air Conditioning 
Association and the University of Illinois. I want to make this point because without 
the support of the Association the work would not have been possible. Furthermore 
that without the support and foresight of men like Mr. Campbell and Mr. Langenberg 
back in the old days, this and similar work would most likely have never been done. 

Another point which I would like to make in regard to the papers just presented 
is that they include a considereable amount of data which can be applied to a house 
of any price. Such information as the heat loss or air temperature drop per lineal 
foot of duct with different air temperatures, different edge insulation, and different 
velocities is applicable to a wide range of structures. A more detailed and complete 
report on the work will be made in an Engineering Experiment Station Bulletin. 

Those of you who have been on research committees and have tried to plan research 
programs, know how helpful it is to get remarks such as we have had this afternoon 
from various people who have not been closely associated with the work. Such remarks 
and discussions help immensely those who are responsible for outlining research which 
is needed and which will give results, engineering results, of use to a great many people. 

It is very difficult, as many of you know, to outline an engineering research program 
which will meet everyone’s needs, and especially one which takes into account economic 
factors as well as technical problems. When this work was started, it was planned to 
meet a definite need. The warm air industry was faced with the problem of heating 
residences that involved a new type of construction, the basementless house with 
concrete floors laid directly on the ground. In many instances no edge insulation is 
used. Such a construction results in a very difficult heating problem, regardless of 
whether a warm air or a hot water heating system is used. Thus the research program 
was designed to meet certain specific needs usually met in low-cost houses. However, 
I think you will find that some of the engineering data can be applied to construction 
in almost any price bracket. 


E. B. LANcenserG, St. Louis, Mo.: The subject of perimeter heating is relatively 
new in our present day methods but the principles involved date back to the Roman 
Empire when research, as we know it, was not even thought of. 

When the National Warm Air Heating and Air Conditioning Association started the 
research program in 1918 under Dr. A. C. Willard at the University of Illinois, we 
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received many objections to the laboratory work as not being consistent with practical 
installations. This led to the erection of our first Research Residence, which duplicated 
the Laboratory installation and soon convinced the skeptics and quieted their opposition. 

After some three years of research, we wrote our first code. This was assembled by 
laymen and engineers cooperating with our research staff. When completed, it was 
brought to the A.S.H.V.E. for approval. That approval was withheld for almost three 
years. 

Looking back a few years, I believe that I was one of the first so-called hot air men 
to join the Society in 1914. One of the first things we did was to try and rid our 
industry of the words hot air. This we did by determining that when outlet tempera- 
tures exceeded 175 F that system should be designated as a hot blast system and used 
for industrial purposes. Plants using temperatures under 175 F at the outlet should be 
designated as warm air systems and used for residential heating. I would like to thank 
S. R. Lewis for using the words warm air as it shows conclusively that the seeds we 
planted years ago have taken root. 

We tried for six consecutive meetings to have the Code I mentioned approved. 
Finally, at the meeting of the Society in Kansas City, Mo., a scientist, while delivering 
a paper, stated that the application of pure science is a law of averages. After some 
discussion I then moved that our Standard Code be approved. F. R. Still, the man 
who had consistently opposed the Code, arose and seconded the motion, which was 
carried, thus finally bringing approval. 

Later, one of our own Board of Directors raised the objection that our research 
program was costing too much and not getting anywhere, therefore he planned to 
offer a motion to discontinue our work at the University of Illinois. After some 
strenuous sales talk his motion was lost and he himself voted to continue the work. 

What we are doing in the heating field today is based on the research that is already 
finished. The research we do today is and will be, the beginning of what is coming 
tomorrow. 

The Research Staff at the University of Illinois is doing a marvelous and thorough 
job in warm air heating. The fundamental laws they establish are worth while and of 
lasting value. There is no limit to the possibilities ahead. The papers on perimeter 
heating, one of the latest developments in the heating field, are providing us with data 
of inestimable value. Much information is still lacking but we can depend on our 
laboratories for accurate and sensible conclusions. If we use that data it will prevent 
costly mistakes and will win the confidence of the public for the benefit of whom most 
research is undertaken. 


Avutuors’ CLosure (J. R. Jamieson): First, in answer to Mr. Achenbach, I would 
like to state that the effect of the outdoor temperature upon the results obtained in the 
Floor Slab Laboratory studies is shown in Table 3 in Chapter 1450. This table shows 
that the outdoor temperature has a definite effect on the subfloor heat loss. In answer 
to the question regarding the time allowed for the conditions to stabilize before data 
were taken, we found by our time lag studies that a minimum of four days were 
required between the time that we set the conditions in the laboratory and the time 
we could start recording reliable data. 

Mr. Handegord asked about the application of these data to conditions in Canada. 
I would suggest that for very severe climates, such as you have in Saskatoon, the 
data should be used with caution, because in Illinois we have a ground temperature 
which is considerably warmer than that found in Saskatoon, where the frost level, I 
imagine, is around five feet in depth, as compared with our frost level of three feet. 
No study was made on the use of insulation along the outside of the foundation wall. 
We used only the four types shown by our slides. 

Professor Tuve asked about the use of insulating concrete. We did not use insulating 
concrete in this study, and therefore are not in a position to make any recommendations 
on it. 


ie 
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Mr. Mills asked about the effect of perimeter heating on the surface temperatures 
along the outside wall. We found that by circulating heated air through the perimeter 
duct, the surface temperatures along the inside surface of the outer wall were affected 
somewhat. That is, the surface temperatures along the lower part of the outer walls 
were raised several degrees when the floor was heated with a perimeter duct. The 
addition of registers also raised the surface temperature of those outer walls. 

I would like to thank Mr. Lewis for his interest in the various types of registers and 
would like to state that we have made a study of other types of registers than the 
vertical grille floor register. The information from this study will be included in a 
University of Illinois Engineering Experiment Station Bulletin on this subject. We 
studied first of all, several grille type registers including a square floor register, a 
rectangular floor register with vertical grille, a narrow floor register with veins 
which cause the heated air to spread out and blanket the window, and an inclined- 
face baseboard register which delivered the heated air outward and slightly upward 
into the room. Two slot types of registers were also studied. With the first, air was 
delivered through a continuous slot along the outside wall in such a manner as to 
blanket the outside wall. In the second type, the air was also delivered through a 
continuous slot along the outside wall, but in this case the slot was along the floor and 
the air was projected out into the room. With this type, the heated air started rising . 
shortly after leaving the register, and again blanketed the outside wall. This study will 
be discussed in the University of Illinois Engineering Experiment Station Bulletin as 
I mentioned previously. 


Autuors’ Ciosure (M. E. Childs): First, of all, we had Mr. Campbell’s comment 
on the comparisons of the perimeter system with the three convection systems which 
I discussed. He felt that the comparisons were not fair. He also felt that a high-wall 
type of delivery should not have been used 1n a house of the type of Research Residence 
No. 3, that is, with slab-on-ground construction. 

I quite agree that high-wall delivery should not be used in a house with slab-on- 
ground construction. The high-wall delivery in this low-cost house with a slab floor 
certainly did not provide satisfactory results. However, we felt it necessary to find 
out what these various systems will do, good or bad, and the only way that this can 
be done is to try various systems in a given house and make direct comparisons. 

As to Mr. Lewis’s comment about the use of perimeter heating in large houses, he 
says that he feels that it should be used more. I can say that we have been exposed to 
a large number of cases where perimeter heating is being used in these large homes 
and it has been quite satisfactory. I think as time goes by and a little more experience 
is gained with perimeter heating in large homes, it will be used more and more. We 
have received very good reports on the results obtained with this type of system. 

As far as Mr. Achenbach’s comments are concerned; first, in connection with air 
delivery, he brought up the point that the bottom of the bathtub might get pretty hot. 
In a case in which air is delivered to the space under the bathtub shortly after it leaves 
the subfloor plenum, it is possible, that under extreme operating conditions, during 
which the bonnet-air temperature is in the range of 165 F or so, the bottom of the tub 
might be too hot. In a case of this sort, in which the feeder duct is short, care would 
have to be exercised in locating the register, so that it would not discharge warm air 
directly against the tub. I think the problem could be solved satisfactorily with proper 
design considerations. 

As far as the air currents from the grille at the base of the tub are concerned I 
think that this might be a problem in some cases if the grille is not located properly. 
For instance, in the arrangement which I showed, the grille was at the center of the 
tub. I think air currents coming into the room at this point could be objectionable. 
I might point out that very little air was required to heat the bathroom, so that the 
air velocities were very low. Mr. Achenbach wondered whether anyone had taken 
baths and stood in front of the grille. Mr. Jamieson and I lived in the house during one 
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year of the investigation and we found that it wasn’t particularly objectionable. How- 
ever, I’m sure that it would be wise to locate the register so that air would not be 
delivered directly into an area in which a person might stand. By holding the air-flow 
rate down, and locating the register properly, air currents should not be a problem. 

Mr. Achenbach also had a comment in connection with the low floor-surface tempera- 
tures experienced in the kitchen area in the residence. He thought that by placing a 
register near the center section of perimeter duct in that low temperature area some 
of that difficulty might have been overcome. I think that this might have helped 
slightly, but since the distance from the furnace plenum out to such a register would 
have been great, the temperature drop also would have been great and the register 
probably would not have taken care of the problem entirely. I think that an additional 
feeder duct into that area would be the best solution to the problem. 

The problem of duct location is extremely important in designing a perimeter system. 
You must arrange the feeder ducts so that there will be a positive circulation in all 
sections of the perimeter duct. Otherwise, the temperature drop may be large and 
certain sections of the floor near the periphery of the house may be cold. 

There was also a question by Mr. Achenbach on heat loss or fuel consumption with 
the four systems tested in the Residence during the first year. We made a study of 
comparative fuel consumptions and our results were: (a) the gravity system required 
about 12 percent more fuel than the perimeter system, (b) the high-wall system 
required about the same amount of fuel as the perimeter system, and (c) the low-wall 
system required about 10 percent less fuel than the perimeter system. 

You may wonder why the fuel requirements for the high-wall and perimeter systems 
were the same when we had this added heat source at the edge of the floor. As J 
pointed out, the temperature gradients with the high-wall and gravity systems were 
quite high, and since the walls were uninsulated, a rather large heat loss through 
the upper part of the walls was experienced. The loss through the upper parts of 
the window was also large. This additional loss was enough to offset the additional 
loss experienced with the perimeter system due to the relatively high temperature heat 
source at the edge of the slab. As far as the low-wall system is concerned, the tempera- 
tures in the upper part of the room were about the same as for the perimeter system, 
and as I mentioned, we experienced about 10 percent less fuel consumption with the 
low-wall system. 

I believe that in the work which was done in the Floor Slab Laboratory, Mr. 
Jamieson was able to compare heat loss for the perimeter system with the heat loss 
for an unheated slab, and he found that the additional fuel requirement for the 
perimeter system would have been about 7 percent. Naturally, you have to pay a 
little extra for having the duct at the edge of the slab, but from our experience it 
certainly has been well worth it, at least from the standpoint of floor-surface 
temperatures. 

Professor Tuve also commented on the use of perimeter heating in larger homes, 
and I believe that we have covered that. He also mentioned crawl-space houses and 
the use of the crawl space in the heating system. We have had a limited amount of 
experience with this type of house, too. One type of system used is the one Professor 
Tuve mentioned in which the crawl space is used as a return-air plenum. A second 
type is that in which the crawl space is used as a warm-air plenum, and the air is 
delivered into the rooms through registers located beneath the windows. Along this 
line, too, there are quite a number of houses with duct systems in the crawl space which 
deliver air to the registers along the outside walls of the house. The results with this 
type of system have also been quite good as far as temperature differentials from floor 
to ceiling, and temperature balance and floor-surface temperatures experienced. There 
is one point, I think, which should be mentioned in connection with these systems. 
If the crawl space is used as a warm-air plenum it is most important that the crawl 
space be prepared properly. For instance, if the bare ground were left to serve as the 
floor of the crawl space, the heated air certainly could carry a good deal of moisture 
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into the house and may cause a condensation problem. It is important that a good 
vapor barrier be installed between the ground and the crawl space. Good drainage 
is also very essential. 

Mr. Lynch had a question in connection with pouring the floor for a perimeter 
heating system. He has found that pouring in two operations has worked quite well. 
\Vith this method the first operation consists merely of placing small quantities of 
relatively dry concrete around the duct at short intervals so that the duct will be well 
anchored. The floor is then finished on the second operation. We have also found this 
method to be quite satisfactory. A second method of anchoring the ducts consists of 
driving stakes below the ducts and then wiring the ducts to the stakes. However, this 
method involves breaking and then patching the vapor barrier, at each stake hole. 
The method of pouring concrete to anchor the duct is the most satisfactory we have 
found. 

Mr. Lynch also had a comment about the register in kitchen. We said that he felt 
that an additional feeder duct rather than another register would be the answer to that. 
This has been covered in my previous comments. 
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No. 1451 


SEMI-ANNUAL MEETING, 1952 


Sprinc Lake, NEW JERSEY 


HE 1952 Semi-Annual Meeting of the Society, with the New York Chapter 
as host, was conducted under the auspices of a Committee on Arrangements 
consisting principally of New York Chapter members living in New Jersey. 
A total of 476 members, guests and ladies from twenty-nine States and Canada 
participated in the sessions and entertainment at The Essex and Sussex Hotel. 


First Session, Monpay, JuNE 16, 9:30 a.m. 


Pres. Ernest Szekely, Milwaukee, Wis., presided at the first session which 
was called to order at 9:30 a.m., Monday, June 16. P. B. Gordon, President 
of the New York Chapter, was introduced by President Szekely, and welcomed 
the members and guests to the meeting-by-the-sea. A Committee on Resolutions 
consisting of G. W. F. Myers, St. Louis, Mo., Chairman; G. W. Bornquist, 
Chicago, Ill.; and D. M. Mills, Houston, Tex., was appointed by President 
Szekely. 


Three papers were presented by their authors and discussed by several mem- 
bers. The session was adjourned at 11:30 a.m. 


SEconp Session, TUESDAY, JUNE 17, 9:30 A.M. 


The second session of the meeting was called to order by President Szekely 
on Tuesday, June 17, at 9:30 a.m. and presided over by First Vice-Pres. Reg. 
F. Taylor, Houston, Tex. Three papers were presented by their authors and 
discussed by several members. The meeting adjourned at 12 noon. 


Tuirp SEssion, WEDNESDAY, JUNE 18, 9:30 A.M. 


The third session held on Wednesday, June 18, at 9:30 a.m., was called to 
order by President Szekely and was presided over by Second Vice-Pres. L. N. 
Hunter, Johnstown, Pa. Mr. Hunter called on I. W. Cotton, Indianapolis, Ind., 
chairman of the Committee on Research, who gave a brief resume of the status 
of the research program. Mr. Cotton reviewed the various programs now being 
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conducted at the Laboratory, and the programs which are planned for the future 
in the Environment Laboratory and the Odor Test Rooms. 

New York Chapter Pres. P. B. Gordon was introduced by Second Vice- 
President Hunter and announced that past Pres. Ernst Graber of the New York 
Chapter would present a check for $1000.00 to the Research Fund; an action 
which had been unanimously approved by the members of the New York 
Chapter. 

Three technical papers were presented by their authors, and one by title. 

At the conclusion of the technical session, President Szekely resumed the 
chair and called on G. W. F. Myers to present the report of the Committee on 
Resolutions. 


RESOLUTIONS 


Wuenreas, the A.S.H.V.E. Semi-Annual Meeting, 1952 at Spring Lake, N. J., is 
coming to a conclusion; and 

Wuereas, The New York Chapter, through its excellent Committee on Arrange- 
ments, has made this an outstanding event; and 

Wuereas, The ladies of the Chapter hosts have so graciously given of their time 
and efforts to please their fellow members, wives and daughters; and 

WuenreAs, the technical portion of the program has given additional enlightenment 
to our profession; and 

Wuenreas, Pres. Ernest Szekely and his Officers have conducted all meetings in an 
exemplary manner so that time was given for social enjoyment and renewal of friend- 
ships ; and 

Wuereas, The officers and staff of our headquarters hotel, The Essex and Sussex, 
have been so thoughtful of our every need and comfort, therefore, be it 

Resotvep, That We, the Members of THE American Society oF HEATING AND 
VENTILATING ENGINEERS here assembled give due recognition to these men and women 
of the New York Chapter, to the various committee members and to Chairman Frank 
Faust and Vice Chairman H. P. Morehouse, and extend to them our heartfelt thanks 
for a wonderful and varied program of events purposely planned for our pleasure, and 
further, we express our appreciation to those contributing papers and discussions at our 
technical sessions, to The Essex and Sussex Hotel, and to President Szekely, his 
Officers and committees for another successful meeting. 


Respectfully submitted, 


G. W. F. Myers, Chairman 
G. W. Bornquist 
D. M. Mills 


The resolutions were adopted unanimously, and the meeting was adjourned 
at 12:15 p.m. 


The Clambake on Tuesday, held on The Essex and Sussex Beach, was the 
entertainment highlight of the meeting, with over 350 in attendance. The Wel- 
come Luncheon on Monday was a success with an excellent talk by George F. 
Smith, New Brunswick, N. J., on “The New Jersey Turnpike”; while the Beach- 
comber’s Party on Monday night was highly entertaining. The meeting was 
climaxed on Wednesday night by the Semi-Annual Banquet with W. G. McKinley, 
Jersey City, N. J., presenting the principal address, “The Engineer as a Citizen”. 


12 noon 
4:00 p.m. 
7:00 p.m. 


10:00 a.m. 
10:00 a.m. 
2:30 p.m. 
2:30 p.m. 
3:30 p.m. 
9:00 p.m. 


9:00 a.m. 
9:30 a.m. 
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PROGRAM SEMI-ANNUAL MEETING 
The Essex and Sussex, Spring Lake, N. J.— June 16-18, 1952 


Saturday—June 14 


Finance Committee, John James, Chairman 
Executive Committee, Dean L. E. Seeley, Chairman 
Research Executive Committee, I. W. Cotton, Chairman 


Sunday—June 15 


REGISTRATION 

Council Meeting 

Committee on Research, I. W. Cotton, Chairman 
Swimming and Beach Sports 

Informal Get-Together—Musicale and Tea 


Music—Movies: “Belles on Their Toes” 


Monday—June 16 


REGISTRATION 


TECHNICAL SEssION (Ballroom) Pres. Ernest Szekely presided 

Experimental Data on Drying Atmospheric Air for a Supersonic Wind 
Tunnel, by W. E. Emley, Jr. (presented by the author) 

A Low-Inertia Low-Resistance Heat Flow Meter, by R. G. Huebscher, 
L. F. Schutrum, and G. V. Parmelee (presented by Mr. Huebscher) 

Effectiveness and Temperature Requirements for Cooling Panels 
Removing Internal Radiation, by Merl Baker (presented by the 
author) 


Ladies Boat Trip 


WELcOoME LUNCHEON 


Greetings: F. H. Faust 
Speaker: George F. Smith, President, Johnson & Johnson, Inc., New Brunswick, N.J. 
Subject: The New Jersey Turnpike 


TAC on Odors, T. H. Urdahl, Chairman 


Gotr TouRNAMENT—Research Cup—Eichberg Memorial Trophy—Paul 
Bunyan Cup (Spring Lake Golf and Country Club) 


Deep-Sea Fishing Trips 

Racing at Monmouth Park (Long Branch) 
Guide Committee, B. H. Jennings, Chairman 
TAC on Sorption, G. L. Simpson, Chairman 


Ladies Card Party—Romance of the Music Boxes, by The Browns of 
Chatham 


TAC on Heating Load, W. S. Harris, Chairman 
Beachcomber’s Party, Entertainment and Dancing 


q 
1:0an 
130. 
1:30 p.m. 
1:45 p.m. 
2:00 p.m. 
2:00 p.m. 
9:00 p.m. 


262 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


9:00 a.m. 
9:30 a.m. 


10:00 a.m. 


12:30 p.m. 
2:30 p.m. 
2:30 p.m. 
2:30 p.m. 
2:30 p.m. 
3:30 p.m. 


8:00 p.m. 
9:30 p.m. 


9:00 a.m. 
9:30 a.m. 


9:45 a.m. 


1:45 p.m. 
2:00 p.m. 
2:00 p.m. 
6:00 p.m. 
7:00 p.m. 


Tuesday—June 17 
REGISTRATION 
TECHNICAL SEssioN—First Vice Pres. Reg. F. Taylor presided 

Moisture Migration in a Guarded Hot Plate, by N. B. Hutcheon and 
J. A. Paxton (presented by Dr. Hutcheon) 

Cooling Load from Sunlit Glass, by C. O. Mackey and N. R. Gay 
(presented by Professor Gay) 

A Study of Transient Heat Method for Measuring Thermal Conduc- 
tivity, by D. D’Eustachio and R. E. Schreiner (presented by Dr. 
D’Eustachio) 

Ladies Program (and Children) “Magical Moments,” by the Battons of 

Fort Monmouth 


Clam Bake and Beach Party 

Nominating Committee, M. W. Bishop, Chairman 

TAC on Combustion, T. H. Smoot, Chairman 

TAC on Heat Flow Through Glass, R. A. Miller, Chairman 

TAC on Industrial Ventilation, W. N. Witheridge, Chairman 

Committee on Revision of Code of Minimum Requirements for Comfort 
Air Conditioning, W. L. Fleisher, Chairman 

Chapters Conference Committee, A. J. Hess, Chairman 

Music and Dancing 


Wednesday—June 18 


REGISTRATION 


TECHNICAL SEss1oN—Reseach 

Second Vice Pres. L. N. Hunter presided 

Report on Research, I. W. Cotton, Chairman, Committee on Research 

Outlet Turbulence Intensity as a Factor in Isothermal-Jet Flow, by H. 
B. Nottage, J. G. Slaby, and W. P. Gojsza (presented by Mr. Slaby) 

Exploration of a Chilled Jet, by H. B. Nottage, J. G. Slaby, and W. P 
Gojsza (presented by Dr. Nottage) 

The Shading of Sunlit Glass—An Analysis of the Effect of Uniformly 
Spaced Flat Opaque Slats, by G. V. Parmelee and W. W. Aubele 
(presented by Mr. Parmelee) 

A Smoke-Filament Technique for Experimental Research in Room Air 
Distribution, by H. B. Nottage, J. G. Slaby, and W. P. Gojsza 
(presented by title) 


Ladies Sightseeing Trip (Asbury Park — Atlantic Highlands — Sandy 
Hook) 


Racing at Monmouth Park (Long Branch) 

Inspection Trip (Lakehurst Naval Air Station) 

Informal Sports: Swimming, Shuffleboard, Horseback Riding, Fishing 
Social Hour 


SemMI-ANNUAL BANQUET 


Toastmaster: Joseph C. Fitts 
Speaker: William G. McKinley 
Subject: The Engineer as a Citizen 


= 
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No. 1452 


EXPERIMENTAL DATA ON DRYING 
ATMOSPHERIC AIR FOR A SUPERSONIC 
WIND TUNNEL 


By W. E. EM ey, Jr*., CLEVELAND, OHIO 


T ITS Lewis Flight Propulsion Laboratory, the N.A.C.A. conducts research 
; on large supersonic aircraft propulsion devices such as ramjet and rocket 
engines. An air stream with a uniform velocity which may be several times the 
local speed of sound, or above Mach number 1, is presented to the engine con- 
figuration under investigation in order to create an environment similar to that 
which the configuration would encounter if it were actually flying at high speed 
and at high altitude. Since the heat and combustion products from the engine 
exhaust are injected into the supersonic air stream at very high rates, economy 
dictates an open rather than a closed circuit type wind tunnel for this applica- 
tion. This means that the entire mass flow of air passing through the tunnel 
must be drawn from the ambient atmosphere and passed through a dryer before 
being introduced into the tunnel. The volume flow rate of air through one 
existing propulsion wind tunnel exceeds 1,500,000 cfm and for future installa- 
tions which will accommodate even larger engines at higher simulated speeds, 
the volume flow rate of air may be even greater. 


Dry REQUIRED 


In accelerating air to supersonic velocities, it is cooled to very low free-stream 
temperatures by adiabatic expansion, and must therefore be very dry if conden- 
sation of moisture in the tunnel air stream is to be prevented. Extensive experi- 
ence has shown that the condensation of airborne water vapor actually occurs 
in a supersonic wind tunnel unless the air introduced has been thoroughly dried 
or unless its temperature has been raised to a high enough value so that sub- 
sequent adiabatic expansion will not lower its temperature below the dew point. 
This condensation occurs at that point in the Laval nozzle of the tunnel where 


* Mechanical Engineer, National Advisory Committee for Aeronautics, Lewis Flight Propulsion 
Laboratory. 

Presented at the Semi-Annual Meeting of THe American Society or HeatinG AND VENTILATING 
Enorneers, Spring Lake, N. J., June 1952. 
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the air temperature passes downward through the dew point of the air and 
results in what are known as condensation shock waves, which, to the aerody- 
namicist, are abrupt changes in entropy within the air stream. These shock 
waves cause disturbances and irregularities of the air flow in the test section 
of a wind tunnel. Therefore, if the severity of the condensation shock wave is 
sufficiently great, the usefulness of the supersonic wind tunnel can be impaired 
and accurate quantitative results be unobtainable. If the moisture content of 
the air is of even greater magnitude, condensation droplets will form in the 
air stream and may obscure completely the model being investigated. 

To provide a sensitive, accurate, and useful wind tunnel for research investi- 
gations on supersonic propulsion devices and their respective flight installations, 


Fic. 1. CRITERIA FOR CONDENSATION 

FREE FLow IN Supersonic WIND 

Tunnets (FROM N.A.C.A. Technical 
Note No. 2518) 


it is necessary to provide air of sufficient dryness so that the severity of the 
moisture condensation shock wave, if it occurs, will not introduce a significant 
error in the qualitative or quantitative results to be obtained. 

Fig. 11 shows the criterion for condensation-free flow in a supersonic wind 
tunnel. The dashed lines indicate the free stream temperature that will theoreti- 
cally be encountered when the air with an inlet temperature represented by the 
solid lines is adiabatically accelerated to the Mach number selected on the abscissa. 
The ordinate represents the inlet air dew point theoretically necessary to pre- 
vent the occurrence of significant condensation shock waves. This theory takes 
into account the frequency of condensation nuclei, time required for condensa- 
tion to occur, velocity of air stream, and other considerations. Experimental 
data have borne out the accuracy of this theory through a range of dew points 
of as low as —20 F and through a range of Mach numbers as high as 2.0, and 
experience in the operation of supersonic tunnels has indicated that significant 
moisture condensation shock waves will not occur when the entering dew point 
is less than —40 F, even with Mach numbers as high as four. Complete elimina- 
tion of moisture condensation within the tunnel air stream at high Mach num- 
bers is impracticable because of the very low dew points and very high inlet 
air temperatures required. Even though the shock waves do occur using air 


1 Exponent numerals refer to References. 
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with a dew point of less than approximately —40 F, their intensity is so weak 
that they are difficult to observe or measure and their effect on the tunnel per- 
formance is negligible for most purposes. It was therefore determined that 
throughout the operating range of a proposed wind tunnel, air at a dew point 
of —40 F or lower would be sufficiently dry. 

The selection of the design points for the desiccant evaluation studies was 
based on several studies of average Cleveland summer weather and the assump- 
tion that a dew point of the effluent air should be —40 F or lower. Inlet air 
conditions were specified as follows: 85 F dry bulb, 73 F wet bulb, 68 F dew 
point, and 57 percent relative humidity. Assumed volume flow rates, duration 
of operating cycle, allowable pressure drop through the air dryer, and other 
practical considerations established the range of face velocities and bed depths 
considered in the pilot air dryer. 

It was not necessary to provide a continuous supply of dry air because con- 
tinuous operation of a research wind tunnel for long periods is not to be 
expected. Periodic shut-downs of varying durations to repair or modify the 
model installation or to change models are contemplated, and sufficient time will 
be available between tunnel runs or operating periods to reactivate an adsorp- 
tive air dryer. 


Arr Dryinc METHODS CONSIDERED 


Studies were made of the application of all feasible methods for drying 
atmospheric air at the rate required. Refrigeration, absorption, compression and 
re-expansion, and adsorption, together with combinations thereof, were con- 
sidered in turn, but primarily because of the high volume flow rate and the 
cyclic operation, direct adsorptive drying appeared most feasible. Although this 
process might limit tunnel operating time during adverse summer weather con- 
ditions, it inherently provides very long operating times during spring, fall, and 
winter months. Considering the original cost, complexity of installation and 
operational aspects, as well as other features, adsorptive drying seemed a prudent 
choice of methods. 


DyNAMIC ADIABATIC ADSORPTION 


Much has been written on the theory and practice of vapor adsorption by 
well-qualified persons. No attempt will be made here to review the literature 
on the subject. However, to analyze a particular problem, such as that referred 
to, it may be well to review several basic concepts relating to vapor adsorption. 

Every surface is adsorptive of every gas and vapor. The capacity of a surface 
to adsorb a given vapor or gas is dependent on several factors, such as the partial 
pressure of the vapor in the gas and in the surface structure of the material, 
the specific surface area of the material, the temperature of the adsorption sys- 
tem and the other physical characteristics of the material which provide aap 
cal equilibrium pressure data called isopiestics. 

Because of extreme surface area per unit volume, fineness of pores, and 
insolubility in condensed vapors, certain substances such as activated charcoal, 
bone char, silica gel, and activated bauxite display tremendous capacities for 
vapor adsorption and find commercial application as adsorbents. 
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Isopiestic data have been developed experimentally for some desiccants and 
a typical plot of these data is shown in Fig. 2 for silica gel. These data are 
very useful in the design of static drying equipment, such as packaging appli- 
cations, since the quantity of desiccant required can be determined with reason- 
able accuracy if the operating temperature, container volume, leakage rate, and 
required dew point are known. It should be noted that the curves on Fig. 2 
are asymptotic to an ordinate value of 6 percent, which represents the residual 
moisture after reactivation of the gel. The useful concentration at various 
equilibrium conditions is therefore 6 percent less than the ordinate values shown. 


The application of isopiestic or equilibrium capacity data to the problem of 
dynamic adsorption introduces several interrelated variables. One of these is 


©70 DENSITY SILICA GEL 
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contact time, which includes factors for mean particle size, average air stream 
velocity normal to the adsorbent bed surface, bed depth parallel to air flow, and 
partial pressure or molecular density of the vapor to be adsorbed. 

Another variable which must be considered is the effect of the heat released 
by condensation of adsorbed vapor on the temperature at which the adsorption 
occurs. The moisture content and flow rate of the influent air or gas determines 
the rate at which heat is released. This rate in turn, combined with associated 
heat transfer to the adsorbent and to the air or gas stream, determines the tem- 
perature of any particular particle of adsorbent and hence its capacity and 
efficiency at any particular instant. Practically, the influent air removes this heat 
gradually and as the drying cycle progresses the adsorbent upstream of the 
zone of maximum activity is gradually cooled to approach the temperature of 
the inlet air and thereby its capacity is increased to approach that indicated on 
the isopiestic plots. The adsorbent downstream from the zone of maximum 
activity is being heated simultaneously and its capacity and efficiency are cor- 
respondingly reduced. 

It therefore follows that in a dynamic adsorption process which has no means 
provided for removing the heat of adsorption other than the flowing gas stream, 
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the adsorbent on the upstream side of the bed will continue to adsorb moisture 
from the inlet gas until its vapor pressure is in equilibrium with that of the 
incoming gas. This value may be determined from an isopiestics plot such as 
Fig. 2. As soon as the dew point of the effluent air rises above —40 F, in the 
present example, it is said a break point is reached. This will occur when the 
layer of adsorbent on the downstream side of the bed has an isopiestic value of 
—40 F, as determined from the same plot. At the break point then, the inlet 
of the bed has a relatively high moisture content while the outlet side has a 
very low moisture content. The integration of these values throughout the 
bed at the time of the break point occurrence would result in an overall useful 
concentration applicable to the specific problem studied, and as may be expected, 
this value is found to be much greater than the isopiestic value corresponding to 
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the effluent condition and somewhat less than the isopiestic value for the inlet 
condition. 

Efforts have been made to determine on an empirical basis the overall useful 
concentration which can be expected for a desiccant drying air in a dynamic 
system, assuming various lengths of contact time, inlet temperatures, moisture 
concentrations, and outlet dew points. A survey of the literature will indicate 
that these efforts have not been successful but that some data are available which 
were evolved in answer to specific problems. 

The nearest approach to general dynamic adsorption data that has been pub- 
lished is illustrated by Fig. 3 which shows a plot of the useful concentration 
of activated alumina as a function of the dew point of effluent air. These data, 
however, represent an isothermal dynamic adsorption and eliminate the thermal 
effects on desiccant performance actually encountered in practical adiabatic 
adsorption towers that are not cooled during the adsorption process. 


DESCRIPTION OF Pitot AIR DRYER 


The lack of specific information concerning relative performance of adsor- 
bents in an adiabatic dynamic air dryer such as one already mentioned, prompted 
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the decision to obtain the needed data by means of a pilot plant operation. Since 
the selection of the type and quantity of adsorbent would be a very significant 
factor in the cost and ultimate usefulness of the supersonic propulsion wind 
tunnel, it was felt that an installation of the cost and magnitude under considera- 
tion by the N.A.C.A. warranted the expense of obtaining accurate design 
information. 

Considerations of capacity (physical properties), efficiency, cost and availa- 
bility of commercial desiccants resulted in the decision to obtain comparative 
as well as abstract information on three desiccants; silica gel, pelletized silica 
gel, and activated bauxite. Mesh sizes were comparable for each material. 

To simulate actual adiabatic conditions such as might occur in a large dryer, 
the pilot dryer, illustrated in Fig. 4, was made of a 36-in. diameter pipe and 
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Fic. 4. StructurRAL DETAILS OF 
Pitot DRYER 


insulated with one inch magnesia block. The adsorbent was retained on a steel 
grating covered with 14-in. mesh hardware cloth and 16-mesh copper screening. 
Hand holes permitted filling the bed to a depth of as much as four feet and 
inspection of the support structure within the tank as well as the removal 
of the adsorbent. Plenum chamber and diffuser baffles were installed above 
the bed so that incoming air, flowing downward, would present a uniform 
velocity approaching the bed surface. Similarly, a space below the bed support 
was provided so that air flow might be distributed evenly throughout the entire 
bed area. 

The pilot dryer was designed to use reactivation equipment already in opera- 
tion with an existing air dryer. From the diagram (Fig. 5), it can be seen that 
reactivation was achieved by blowing electrically heated air through the dryer in 
the reverse direction to normal air flow and by condensing the reevaporated 
moisture on cooling coils just upstream of the blower. Cooling was effected by 


Z 
bo 


DryING AIR FOR SUPERSONIC WIND TUNNEL, BY EMLEY 269 


circulating air through the system in the normal flow direction, sensible heat 
being removed by the same coils. A by-pass line around the dryer permitted 
the establishing of desired conditions before the dryer was put on stream. 

By controlling the moisture injection rate, the quantity of ambient air mixed 
with the recirculated dried air, and the flow rate through the beds, it was possi- 
ble to maintain inlet air conditions nearly constant through a cycle of drying. 
Water was introduced by injection through a spray nozzle at the point indicated 
on Fig. 5 and flow rate and adsorber pressures were established and maintained 
by manipulation of the valves at the dryer. 

A range of dry-bulb temperatures, specific humidities, and flow rates were 
used in tests to include the selected design point. Neither time nor flexibility 
of the pilot plant installation permitted investigations over a wide range of 
conditions but it is believed that sufficient data were obtained to establish the inde- 
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pendent effect of some of the independent variables. The range of variables 
covered by the various data points is as follows: 


Dry-bulb temperature of entering air, 73 F to 95 F 

Dew point temperature of entering air, 59 F to 77 F 
Average velocity of air normal to bed surface, 10 to 100 fpm 
Bed thicknesses, 12 to 36 in. 


The pilot dryer was adequately instrumented to obtain data on pressure, tem- 
perature, and mass flow conditions for each run. Pressure taps connected to 
water manometers indicated static pressure above and below the bed and across 
a standard A.S.M.E. sharp edge orifice installation which was calibrated so that 
the mass flow through the dryer could be computed accurately. 

Temperatures were measured by iron-constantan thermocouples and included 
the temperature of: the air entering and leaving the bed, the air at the orifice, 
and the air entering and leaving the cooler. Additional thermocouples were 
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inserted radially in the dryer a distance of 12 in. from the shell and at 3 in. 
elevation intervals as measured from the bottom of the bed. 

The humidity or moisture content of the inlet air was determined from both 
wet- and dry-bulb thermometers in the upstream air and by a humidity. recorder. 
A further check on the inlet humidity was found by assuming saturation of the 
air after it passed through the cooler and before it was heated by the circulation 
blower. Dew point of the effluent air was obtained by simultaneous readings of 
several instruments including a cloud chamber type of dew point meter, two 
types of dew point recorders, and occasionally a dew point cup. Correlation 
of readings between instruments was not always good, but sufficient consistency 
was observed to result in capacity and dew point depression data which are on 
a comparative basis for the adsorbents tested. 

Air flow was approximated at the beginning of each run by using pressure 
drop data published by the desiccant manufacturers and actual values carefully 
computed later from the orifice measurements. 
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Moisture holding capacity was determined by computation from air flow data 
and checked very closely by actually observing the increase in weight of the 
entire dryer, which was mounted on platform scales and connected to the piping 
by flexible connections which were made airtight. The accuracy and sensitivity 
of the scales were checked before and after each run. The scales also were used 
as a check on the thoroughness of reactivation after a run was completed. 

Information obtained from the pilot plant operation not only provided realistic 
bases for the design of a dynamic adsorber but also served as a check on pre- 
viously published data concerning pressure drop through beds, anticipated 
temperature rise of effluent air, and temperature rise within the bed. Some of 
these data are included in Figs. 6, 7 and 8. 


RESULTS 


Table 1 shows some of the significant information obtained from each run, 
including entering air conditions, useful concentration, or percent dry weight 
of moisture adsorbed, and effluent air dew point at the time the break point 
or sudden rise of effluent air dew point was observed. Selection of the break 
point was quite significant and usually required careful study of related con- 
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ditions such as leveling off of effluent air temperature and close observation of 
dew point meter readings. 

The summation of curves showing effluent air dew point plotted against 
useful concentration for each run resulted in plots for silica gel and activated 
bauxite shown in Figs. 9 and 10, respectively. It should be emphasized that the 
evaluation program was undertaken primarily to determine the relative per- 
formance of the three desiccants at or in the vicinity of the design conditions, 
which are based on Cleveland summer weather, and within the feasible limits 
of velocity and bed thickness. Variation of useful concentration with deviation 
from design conditions was of. secondary interest and it developed that the pilot 
plant did not readily permit sufficient deviation from the design inlet air tem- 
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perature and humidity conditions to establish accurately the quantitative changes 
in useful concentration values of each independent variable, though the expected 
trends were observed in most runs. 

The most significant variable observed to affect the useful concentration was 
the absolute humidity or moisture content of the influent air, as this affected 
directly the temperature at which adsorption occurred and hence the capacity 
and efficiency of the material. Figs. 9 and 10 are therefore plotted with absolute 
humidity as the abscissa and useful concentration as the ordinate, without 
reference to inlet air temperature and contact time. 

An overall summation of the data obtained follows. It should be noted that 
these results apply only to the conditions specified and extreme precaution should 
be used in interpreting these results and applying them to another drying 
problem. 

With the information in Table 2 available detailed studies were made of the 


physical aspects of dryers meeting the design requirements and using each of 


the three adsorbents. Final selection of adsorbent material and physical dimen- 
sions of a dryer for any specific application should be based on the relative cost 
of the respective installations after detailed price data have been compiled for 
the bed housing and reactivation equipment as well as for the adsorbent. It 
may be observed that activated bauxite has less capacity but higher drying 
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TABLE 1—SUMMARY OF DATA FROM PiLot AiR DRYER 


Bep Enrerine| Enrerinc} Enterine | Lavine Userut | Maximum 

Tuick- Face |Dry-Buts}| Dew Assotute | Dew Point Con- | Tempera- 
MareEriaL ness | Vetocrry|Tempera-| | Humipiry | at Break | CENTRA- TURE 
In. Ft/min TURE F Ib/Ib Point TION Rise 
F F % | Fdeg 
Silica gel.......... 12 24 77 58 0.0103 -45 | 49 | 58 
25 85 71 0.0164 -30 | 42 =| 62 
39 82 62 0.0119 —44 49 | 52 
40 86 69 0.0153 —35 4.7 | 56 
40 94 72 0.0170 —32 3.7 59 
24 40 85 75 | 0.0188 | —40 49 | 79 
40 77 66 | 0.0137 —48 47 | 58 
| 69 80 72 | 0.0170 —39 43 | 76 
72 74 65 0.0133 |  —40 4.2 | 68 

| | 
| 36 43 86 71 | 0.0164 | —35 44 | 72 
| 43 84 75 0.0188 § —36 5.0 | 80 
50 81 67 0.0142 | —42 53 | 64 
50 96 75 0.0188 —38 45 | 54 
| 75 91 77 0.0202 | —49 5.0 | 58* 
} | 84 71 0.0164 | —-39 5.4 | 75 
| 75 80 69 0.0153 | —39 Si | 73 
} 75 79 66 0.0137 | —38 5.0 | 67 
| 

Pelletized silica gel..| 12 25 73 63 0.0124 —20 4.2 | 48 
| 50 78 65 0.0133 —23 3.9 | 58 
[36 | 50 | 7 | 68 | ooms | -38 | 36 | 65 
50 78 65 | 0.0133 | 29> | 55 
50 74 67 0.0142 —45 3.7 | 60 
Activated bauxite . | 36 | 10 75 63 0.0124 -45 | 3.1 44 
| 24 92 70 0.0158 -51 | 33 48 
24 80 61 0.0115 —45 | 3.5 56 
| 25 74 | 65 0.0133 —52 3.4 58 
| 39 86 76 0.0195 —5l 3.2 116 
| 39 82 66 0.0137 —47 | 3.3 70 
| | 39 81 65 0.0133 —55 33 | 71 
| 50 83 69 0.0153 —57 3.1 | 67 
75 82 69 0.0153 —55 3.4 68 
75 85 73 0.0176 -4 | 35 76 
| | 00 84 | 69 | 00153 | -52 | 29 64 


a Low initial bed temperature. 
b High initial bed temperature. 


efficiency than silica gel and that pelletized silica gel, under the conditions speci- 
fied, has less capacity and less dew point depression than granular silica gel. 
These trends have been observed by other investigators?. They may possibly 
be explained by the theory that the mean capillary radius of the activated bauxite 
is smaller than that for silica gel and is the cause of a lower equilibrium vapor 
pressure for the bauxite in contact with water vapor-air mixture. Silica gel, 
however, has more surface area and probably more capillary volume per unit 
volume of particles and hence more moisture holding capacity than the bauxite. 
Pelletized material presents less exterior surface per unit volume to the gas 
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stream than granular materials and therefore requires longer contact time to 
reach equilibrium with the air stream than a granular form of the same material. 


CoNCLUSIONS 


Interpretation of the data obtained as a result of the desiccant evaluation pro- 
gram provided values for the comparative performance of silica gel, pelletized 
silica gel, and activated bauxite under the specified design conditions. These 
values were used to compute the overall cost of using each of the three desiccants 
and served as a sound design basis for determining the actual quantity of ma- 
terial that would be needed for a specific air dryer installation. Useful correlary 
data such as air pressure drop through the beds of desiccant and air temperature 
rise were also obtained, these data being necessary in the structural design of 
the dryer bed housing and reactivation equipment. 
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TABLE 2—RELATIVE PERFORMANCE OF COMMERCIAL DESICCANTS TESTED 


EFFLUENT USEFUL 
Dew POoIntT aT CONCENTRATION 
MATERIAL BREAKPOINT AVERAGE 
PERCENT 
4-8 mesh activated bauxite....................... —52 3.33 
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DISCUSSION 


Joun Everetts, Jr., Philadelphia, Pa.: I would like to ask the author if he has 
made any comparisons of methods of reactivation of the dessicants and whether he 
has any information on reactivation temperatures and their effect? 


H. E. Zrer, Detroit, Mich.: I would like to ask the author if thought has been 
given in the installation of this type of equipment in a tunnel to the inward vapor 
leakage into the tunnel or the load that may be imposed. I am thinking in terms 
of whether it would be advantageous to recirculate the air or to have a partial 
recirculation of the air in the tunnel rather than taking all outside air. 


AvutHors’ CLosure: In answer to Mr. Everett’s question, we have several air-drying 
installations using both silica gel and activated alumina which have been in operation 
for as long as seven years at the Lewis Flight Propulsion Laboratory. We have 
similar installations in our other laboratories. It is felt that the most economical 
reactivation method is the supplying of products of complete combustion of clean 
natural gas directly to the adsorbent without the use of heat exchangers. Experience 
has shown that this technique, properly applied, is not harmful to the material and 
will effect complete reactivation. 

Our experience has indicated that in the case of either dessicant the minimum safe 
reactivation temperature, in order to obtain the low dew points required, is in the 
neighborhood of 320 to 330 F. However, we design our equipment so that we supply 
reactivation air at 375 F and as high as 400 F, if required. 

I might add that if it were not for the requirement of the low dew point, the high 
reactivation temperature would not be critical. 

In answer to Mr. Ziel’s question, in aerodynamic tunnels where we have the air 
stream recirculated over the model, we do dry the tunnel thoroughly and recirculate 
the same air continuously. 

Small leaks and desorption of moisture from the inside tunnel walls and any other 
sources of moisture which might raise the dewpoint of the air inside the tunnel 
are compensated for by continuously pumping air out of the tunnel and inbleeding an 
identical quantity of clean dried air which has passed through the dryer. 

However, in propulsion tunnels we are continually injecting into the air stream 
products of combustion, moisture, heat and other contaminants which are of such 
a nature that to remove them would be far more costly than to discharge the air to 
the atmosphere and start with relatively cool, clean and dry air. 
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No. 1453 


A LOW-INERTIA LOW-RESISTANCE HEAT 
FLOW METER 


By R. G. Huesscuer*, L. F. Schutrum*, anp G. V. PARMELEE**, 
CLEVELAND, 


This paper is the result of research carried on by THE AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS at its Re- 
search Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio. 


Yb lhrsag PAPER reports the development by the A.S.H.V.E. Research Labora- 
tory of a heat flow meter which incorporates the principle of plate or large- 
area thermojunctions. The principle was proposed by Benzinger,! who visualized 
it as a means for measuring the rate of heat exchange between a human subject 
and an enclosing box-type calorimeter having the interior surfaces completely 
covered with a layer of these meters. Acceptance by the Society of a contract 


from the Office of Naval Research for the design and construction of such a 
calorimeter led to an intensive development of methods and materials of con- 
struction of the heat flow meters. 


Some 250 meters of this type, in different sizes and with different spacings 
of thermojunctions, have been constructed and are in use in the human calori- 
meter? and the Environment Laboratory*®. Since this type of meter has other 
applications and possesses certain advantages, a description of construction details 
and calibration should be of value to others who have heat flow measuring 
problems. Among the advantages are: low thermal inertia, low electrical and 
thermal resistance, ability to integrate heat flow over the entire area of the 
meter, adaptability as to response, shape and size, and ease of construction. 
Other advantages are probable long time stability of calibration, reasonable 
uniformity in response of different meters of the same construction, relatively 
wide range of operating temperatures and good moisture resistance. 


PRINCIPLE OF OPERATION 


The principle of operation of this heat flow meter, in common with most heat 
flow meters, is the measurement of the temperature difference between opposite 


* Research Fellow, A.S.H.V.E. Research Laboratory. Junior Member of A.S.H.V.E. 
** Research Associate, A.S.H.V.E. Research Laboratory. Member of A.S.H.V.E. 
1 Exponent numerals refer to References. 
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Enarneers, Spring Lake, N. J., June 1952. 
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sides of a thermal resistance layer. The temperature difference is measured by 
pairs of plate-type thermojunctions. A large number of closely placed thermo- 
junction pairs connected in series permits the thermal resistance layer to be 
very thin and yet produces a millivolt output large enough to be accurately 
measured at very low rates of heat flow. 


CoNSTRUCTION AND MATERIALSt 


Principal Features: The principal feature of the construction, shown in Fig. 
1, is the use of thermocouple chains made from copper-constantan foil or ribbon. 
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Fic. 1. Staces 1n ASSEMBLY oF 1114 In. SQUARE Heat FLow METERS 


(Lower right) completed thermocouple chain. (Lower left) weaving thermal resistance layers through 
thermocouple chain. (Upper left) final assembly before bonding. (Upper right) completed meter 


This was made by welding a bar of constantan to a bar of copper and rolling 
it into a thin ribbon of which half the width was copper and half constantan. 
The thermocouple chains were woven in basket-weave fashion over and under 
strips of material constituting the thermal resistance layer. Notches cut into 
the ribbon, as shown in Figs. 1 and 2, produce a chain of junctions identical 
in area and thickness, factors which materially aid uniformity of response. The 


t Specific data as to material and suppliers will be furnished upon written request to the A.S.H.V.E. 
Research Laboratory, 7218 Euclid Ave., Cleveland 3, Ohio. 
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meter is completed by cementing the woven assembly of thermocouple ribbon 
and thermal resistance layers between two sheets of aluminum foil. 

Fig. 2 is an assembly drawing of the layer and foil used in the meters for 
the Environment Laboratory. These meters were 1114 in. square and had 48 © 
pairs of junctions, 2.75 sq in. per pair. Fig. 3 shows a cross section through 
this meter. Also shown in Fig. 3 is a cross section of the meter used in the 
human calorimeter. This meter is 16 X 16 in. and has one pair of junctions 
per 8 sq in. These were spaced on 2-in. centers in both directions. 

Adhesives: Two different adhesives have been used in the construction of 
heat meters at the Laboratory. The first was a synthetic rubber base adhesive 
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Fic. 2. ASSEMBLY OF THERMOCOUPLE FoIL AND CELLULOSE 
ACETATE Strips FoR 11144 IN. SQUARE HEAT FLow METER 


in a solvent of ethyl acetate. Surfaces to be joined were coated with adhesive 
and allowed to become completely dry. The coated pieces were then assembled, 
placed in a vacuum press (see Fig. 4), heated to 265 F in an electric oven for 
15 min and allowed to cool while under pressure. 

The second adhesive was a film type adhesive, which also required heat and 
pressure to produce the bond between the various surfaces. This adhesive was 
cured by holding at 350 F for 10 min. Because of the desirability of heating 
the film type adhesive rapidly, an oven was not used. Instead a heavy alumi- 
num plate with tubes brazed to one side was used as the heating element (see 
Fig. 5). This was connected to a tank of ethylene glycol, a circulating pump 
and electric heater by means of a four-way valve. 
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Thermal Resistance Layer Materials: The principal requirements of the layer 
material are: 


1. Softening temperature compatible with the reactivation temperature of the adhesive 
used. 

2. Uniformity as to thickness in order that the response of all meters be as nearly 
identical as possible. 

3. Low shrinkage. 


Thermal Insulating Layer - 0.018 Thermosetting Plastic Strips 
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Fic. 3. Cross Section THrouGH HEAT 
FLtow METERS 


4. High electrical resistance. 
5. Low moisture absorption. 


Two suitable materials were cellulose acetate, which could be used with the 
rubber base adhesive, and a paper-base laminated thermo-setting plastic. This 
was used with the film adhesive. 

Covers: Aluminum foil was selected as a cover material for the following 
reasons : 


1, It is impervious to moisture. 
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2. The high thermal conductivity aids in producing isothermal regions in the vicinity 
of the thermojunction pairs, thereby more accurately integrating heat flow rates which 
may be non-uniform area-wise. 

3. Its high thermal diffusivity leads to rapid response in transient heat flow. 

4. It can be anodized to provide electrical insulation. 


Electrical Insulation: It was found that tiny burrs on the thermocouple strip 
could sometimes puncture the anodized coating so that it is desirable to use 
additional insulation. For the meters bonded with rubber base adhesive, a 0.005 
in. sheet of cellulose acetate was used. The meters assembled with adhesive 
film had an extra sheet of adhesive film (see Fig. 3). In addition, burrs were 
flattened by rolling the notched thermocouple strip. 

The electrical insulating sheets were bonded to the anodized cover foils before 
final assembly. 

Thermocouple Grid Assembly: For small quantity production, notching was 
done with a multiple head paper punch and shears. For large quantities the 
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Fic. 4. Vacuum Press Usep 1n AsseMBLY OF 1114 IN. Heat FLtow METERS 


notching was done in a milling machine. Note in Figs. 1 and 2 that at the ends 
of certain strips, a portion of the constantan half of the ribbon is cut away so 
as to make the necessary copper-to-copper connection of the chains as compact 
as possible. The system of connections shown is designed to eliminate as far as 
possible the effect of a temperature gradient on the surface to which the meter 
is attached. If a gradient exists, the thermocouple chains will measure this 
temperature gradient as well as the gradient normal to the meter. This, of 
course, will add to, or decrease, the electromotive force (emf) due to the heat 
flow itself. The manner of connecting the chains as shown completely compen- 
sates for a gradient along the chain and also cancels a gradient at right angles 
to the chain.* 


CALIBRATION OF HEAT METERS 


Comparison Methods: In some applications it is only necessary to know the 
relative output rather than the absolute calibration constants of heat meters. 


* Detailed procedure in assembly will be furnished upon written request to the A.S.H.V.E. Research 
Laboratory, 7218 Euclid Ave., Cleveland, Ohio. 
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Also it is sometimes necessary to sort meters according to their relative outputs 
in the event that they may be applied to a surface and calibrated there. The 
cube comparison was found to be one satisfactory method. A box with an open 
top was made up of five heat meters and heavily insulated on the outside. An 
electrical heating unit was suspended in the center of the box, which was then 


4 
| 
30 


Fic. 5. View oF Vacuum Press Usep IN ASSEMBLY OF 
16 In. Heat Frow METERS 
Shown are foil cover sealed to heating plate, screen wire, foil cover of meter, 


film type adhesive, and assembled grid of thermal resistance layer and 
thermocouple chains. Heating unit and pump are shown in background. 


closed by a sixth meter. This meter was left uninsulated. The total output of 
the six meters was measured. If the sixth meter was then replaced by another, 
the two had identical constants if the total output was the same in each case. 
Careful control of room conditions contributes to the precision of comparison. 


A second method of calibration is to arrange equipment so that heat can flow 
through two or more meters in series. It is important that the thermal resistance 
between the heating and cooling surfaces be uniform over the whole area to 
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obtain best results. Edge heat leakage can be controlled by methods suggested 
in a recent paper.* 


Calibration Methods: The principal problems encountered in calibrating the 
heat meters were those due to non-uniform thermal resistance between the hot 
and cold plates of the calibration apparatus and edge heat leakage. Except for 
a few pilot models none of the meters constructed were of the proper size to 
be used in the guarded hot plate available. In calibrating these in the guardec 
hot plate apparatus considerable care had to be used in assembling the meters 
between the plates. Sheets of 44-in. rigid insulation and blotting paper were 
used between meters and plates and also between meters in order to produce 
a uniform thermal resistance over the test area. 


The most satisfactory apparatus for calibration was an assembly of two 14-in. 
sheets of hardboard, two matched meters and a thin heating element. The meters 
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were selected by means of the cube comparison device. The heating element 
was placed between the two meters, and this assembly was placed between 
the two hardboard sheets. Each component of this assembly was exactly the 
same size as the heat meter, in this case 1114 in. square. The heating element 
consisted of copper nickel alloy ribbon bonded to a 1/32-in. thick anodized 
aluminum plate. The whole was assembled with microcrystalline wax, which 
had a melting point of 170 F, between each layer. 

Calibration was carried out by placing the assembly between 12-in. square 
hollow copper plates through which water was circulated at controlled tempera- 
tures. Power was metered by a precision watt meter and corrections were made 
for power loss in the meter and lead wires. The edges of the meter and heater 
assembly were insulated with 1 in. of hair felt. Edge heat flow was experi- 
mentally determined by measuring the output of the heat meters with the plates 
held at various temperatures different from ambient and with no input to the 
heater. The correction for edge heat flow was about 3 percent at 50 deg tem- 
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perature difference. Satisfactory assemblies were also made with paraffin, which, 
however, limited the maximum temperature at which calibration could be carried 
out. Except as noted on Fig. 6, all tests were carried on with a constant input 
to the heater and with no edge guarding. 

The 16-in. meters were calibrated after the meters were applied to the inner 
surface of the human calorimeter. The total output of all the meters was 
measured at different temperatures during which time heat was supplied to the 
calorimeter by a large low temperature heating element. 

The temperature dependence of the calibration constant for the 1144-in. and 
16-in. meters is shown in Fig. 6. At 70 F the constant of the smaller meter is 


Fic. 7. PortaBLe Heat METER CALIBRATOR WITH SUCTION 
Cup AND VAcuUM PuMpP 


66.2 Btu per (hr) (sq ft) (millivolt) and of the larger meter is 81.0 Btu 
per (hr) (sq ft) (millivolt). 

Portable Calibrator: The device shown in Fig. 7 was built to calibrate the 
1114-in. meters after they were bonded to the interior surfaces of the Environ- 
ment Laboratory. This consisted of an 14-in. thick sheet of anodized aluminum, 
1514-in. square, to the rear surface of which was bonded a flat constantan ribbon 
heating element. One of a pair of meters, calibrated as just described, was bonded 
to the center of the front surface of the aluminum plate by means of microcrystal- 
line wax. This was surrounded, as shown, by a 1/32-in. thick strip of balsa 
wood placed about 14-in. from the edges of the meter. The outer perimeter of 
the heater plate was bordered by a strip of hardboard and a sponge rubber 
gasket. The back was insulated with 2 in. of cork. The unit was held in place 
over the meter to be calibrated by means of a vacuum pump and cups causing 
the holding pressure. In use, the gasket rubber was compressed to the point 
where the balsa wood baffle acted as a stop so that an air space of 14 in. was 
formed between the calibrated and the uncalibrated meters. 
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Comparisons with the second of the pair of calibrated meters bonded to a 
cooling plate proved that edge effects were negligible. Comparisons in various 
positions were completely satisfactory. 


THERMAL CONDUCTANCE 


The thermal conductance of the 1144-in. square meter was determined during 
calibration to be 33.9 Btu per (hr) (sq ft) (F deg) at 145 F. 

The thermal conductance of the 16-in. square meter with a thermosetting 
plastic layer was calculated to be 58.1 Btu per (hr) (sq ft) (F deg). 


TRANSIENT RESPONSE 


One of the factors of major importance in the development and operation of 
this instrument is its rapidity of response to changes in heat flow rate. This 
transient response was evaluated as follows. 

One of the 16-in. meters was fastened in good thermal contact to a flat iso- 
thermal aluminum plate that was maintained at constant temperature. An iso- 
thermal aluminum plate with integral heater was mounted 8 in. above the first 
plate to provide a heat source. The surface of the heater, meter and mounting 
plate for the meter were blackened with high absorptivity paint. Between the 
heat meter and the heater plate, a multiple aluminum foil shield was inserted. 

To obtain a response curve, the shield was removed and the emf output of 
the heat meter was recorded on a high speed millivolt recorder with high chart 
rate. The time to reach final equilibrium was approximately 45 sec and the time 
constant (time for 63.2 percent response) was 7.62 sec. 


STABILITY OF METER CONSTANT 


Two 8-in. square meters constructed of cellulose acetate and rubber base 
adhesive were subjected to accelerated life tests. One was alternated between 
an ice bath and a 185 F oven for 92 cycles, remaining 15 min in each. An in- 
crease in meter output of 31 percent resulted after 18 cycles. Additional cycles 
failed to cause any change. One hundred passes with a roller with about 45 Ib 
pressure after this cycling test caused no change. The other meter went through 
35 cycles of 5 min at 212 F and 10 min at —70 F. An increase in output 
of less than 3 percent was found. In these tests a third meter was used as a 
control. There is good reason to believe that the meter of thermo-setting plastic 
and film adhesive would show even better stability. 


APPLICATIONS 


Precautions in Use: Two laboratory type applications have been mentioned. 
Field applications are numerous. Some precautions must be observed of which 
the most important is uniformity of contact resistance over the entire surface 
of the meter. The meters installed in the Environment Laboratory were bonded. 
to the surfaces by means of a tape, adhesive coated on both sides. Application 
of heat and pressure produced a bond that would damage the meter in removal 
unless extreme care were taken. Fig. 8 shows the method of application and 
some of the meters which have been installed in the Environment Laboratory. 
Temporary attachment can be made with paraffin. If a heat flow field is to be 
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surveyed by means of a meter, it would be desirable to bond the meter to a flat 
aluminum plate of sufficient stiffness so that good contact can be made by apply- 
ing pressure at a few points. Some provision must still be made to fill small 
voids between the surface and the meter. 

It is obvious (see Fig. 6) that the meter constant must be selected in accord- 
ance with its temperature. 

Correction for Thermal Resistance: Unless the overall resistance of a wall 
section is very large, a correction must be applied for the additional resistance 


Fic. 8. AppLIcATION oF HEAT FLow METERS TO ALUMINUM PANELS OF THE 
ENVIRONMENT LABORATORY 


imposed by the heat meter. Several methods of correction can be used. If 
dw == unit rate of heat flow through the section not covered by a meter, and 
4m = the unit rate of heat flow indicated by the meter, then 


where 


ty = temperature of the wall surface not covered by the meter, Fahrenheit. 
t’. = temperature of the wall surface covered by the meter, Fahrenheit. 
t, = temperature of the air on the far side of the wall, Fahrenheit. 


If t, cannot be conveniently determined the following equation can be used: 
where 


t; = the temperature of the air, or that of the solid surfaces seen by the meter, 
or a combination of both, Fahrenheit. 
tm = the exposed surface temperature of the meter, Fahrenheit. 
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Note that addition of the heat meter to a thermal resistance circuit changes the 
temperature levels in all parts of the system. Hence ?¢’,, and ¢,, must be steady 
state values. 
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DISCUSSION 


F. C. Hooper, Toronto, Ont., Canada (WRITTEN): The heat meter described 
appears to be a definite advance over previously available devices, particularly with 
respect to its stability of calibration and uniformity of response. The authors are to 
be commended for their careful work and valuable contribution. 


One or two points with respect to the manner of correction for thermal resistance 
come to mind. The surface emissivity of the meter may be quite important in some 
instances, particularly in application to low resistance walls. The effective resistance 
of the meter may, because of its aluminum surface, be considerably higher than the 
thermal conductance values quoted would indicate. Suitable painting of the meter 
would be a simple means of correction in most cases. Unless such a precaution were 
taken the second method of correction suggested, viz. Qw = dm (ti — tw)/(ti — tm) 
could be seriously in error. 


L. V. TEEsSpALE, Madison, Wis. (WritTEN): The meter described appears to be 
well suited for determining the thermal properties of built-up construction. The even 
distribution of the thermocouples over the entire area of the meter appears to be a very 
good feature of this design. The 16-in. size should be particularly well adapted for 
stud walls since it would take in both the stud and the space between studs in one 
setting. Smaller surface meters do not have this advantage. 

Our experience with surface-type meters is limited to one type having a 4- by 4-in. 
face. If our work required a surface-type meter, we would prefer one with a larger face. 


C. B. Brap.ey, Manville, N. J. (Wrtren): I would like to make a comment on a 
possible use of this type of instrument that I think has not been mentioned in the paper. 
At Johns-Manville Research we have long felt the need of a means of getting a 
reasonably accurate, or at least reproducible, value of thermal conductivity in 
insulating materials in a fairly short time. 

In the past, when running conductivity tests by the guarded hot plate method it has 
not been possible to get the amount and kind of data needed for statistical analysis or 
for statistical design of experiment. We have been using a commercial heat flow meter 
for that purpose and I hope that in the very near future we will be able to describe our 
method of using it to this Society or some other appropriate society. 

By using these heat flow meters we can get four determinations of thermal conduc- 
tivity per day, which is much faster than the guarded hot plate method and is sufficient 
to permit us to use the data statistically. I believe the heat flow meters described 
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this morning would be better and more suitable for that purpose than any that you 
can get commercially. 


P. R. AcHENBACH, Washington, D. C.: The A.S.H.V.E. Laboratory is to be compli- 
mented for making available to every one the details of construction of this new heat 
flow meter designed for rapid response and large emf output per unit heat transmission. 
It promises to have many applications in the heating field as well as in other fields 
where small or sudden change in heat transmission could be used to actuate controls, 
alarms, and so forth. 

These meters may have some disadvantages for laboratory use because of the time 
required for calibration and recalibration. 

The meters have a rather large temperature coefficient which is undoubtedly a 
characteristic of the thermal resistance layer. Accelerated life tests also indicated 
some change in the transmission of the thermal resistance layers with time or 
temperature or both. This characteristic would have to be determined by recalibration 
for any given installation where precise heat transmission rates were sought. 

The paper states that each and every heat flow meter was calibrated after it was 
installed on the surface where it was to be used, but does not indicate the deviation in 
calibration between the various meters used in the laboratory installation. 

These devices might be useful in evaluating the radiation component of the heat 
transfer from a human body to the surrounding walls of a room under various condi- 
tions. When a person walks into a room having some of these meters attached to the 
walls, and in which a steady state temperature had already been reached, it is estimated 
that each meter would almost instantly register an increase in output of eight to ten 
microvolts. A group of such meters connected in series and located in one or more 
panels around the walls would show an increase in output directly related to the 
radiation of the person to his surroundings. 

Various investigators have been comparing radiators, convectors, and warm air 
heating systems for a quarter of a century or more and trying to evaluate the relative 
merit of the different systems in terms of comfort. It appears that the use of a number 
of these heat flow meters in a typical room would serve to compare the radiation loss 
of a person to his surroundings for equal air temperatures with different kinds of 
heating devices in a way that has not been possible heretofore. 


AutHors’ CLosure (R. G. Huebscher): In connection with Mr. Hooper’s remarks 
on surface emissivity, the anodized foil surfaces of the meter have an emissivity of 
approximately 0.80; however, the surfaces of the meters should be treated to match 
the emissivity of the surrounding surfaces. 

In reference to Mr. Achenbach’s remarks relative to the study of the radiation 
exchange between the surfaces of a room and its occupants, I would like to cite the 
development of a thin, flat plate radiometer: A 4x Radiometer, by Dr. T. H. Benzinger 
and C. Kitzinger, (Review of Scientific Instruments, Vol. 21, July 1950 p. 599). This 
radiometer is intended to be bonded to the surface of the aforementioned heat flow 
meters in the Human Calorimeter. It has an output of 5.34 V per Btu per hr and is not 
affected by air currents with velocities up to 1,600 fpm directed across the face of 
the radiometer. 

1 would also like to say that we have obtained a great deal of experience with these 
meters that we have not reported in the paper, due to lack of space. Correspondence 
on the meter is invited and we will discuss any problems that may develop in its 
construction, use or performance. 


— 
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EFFECTIVENESS AND TEMPERATURE 
REQUIREMENTS FOR COOLING PANELS 
REMOVING INTERNAL RADIATION 


By Mert BAKeEr*, LEXINGTON, Ky. 


ECAUSE of the danger of surface condensation, the feasibility of panel 

cooling has often been questioned. However, the recognition of the fact 
that many cooling loads are comprised of large sensible and minor latent com- 
ponents has opened the way for the practical application of panel cooling, supple- 
mented by auxiliary dehumidifying equipment. The favorable load condition 
is particularly predominant for spaces subjected to an intense lighting load. 
The high operative temperature of the incandescent filaments enables the enclo- 
sure surface to act as a cooling panel although its temperature is no lower than 
that of the room air. The reception of radiant energy by the enclosing surfaces 
reduces the heating effect of the energy supplied to the lights. Panels operating 
at a surface temperature below the ambient, absorb heat by convection from 
the room air and by radiation from warmer surfaces, in addition to that gained 
by direct radiation from the lighting filaments. The increased cooling produced 
by the panels decreases the supplementary sensible heat sink (which must 
absorb all of the latent heat load) that must be provided. 

Considerable interest in this phase of panel cooling has been manifest in 
recent years as evidenced by papers of Leopold! in 1947 and 1948 and followed 
in 1949 by Mackey and Gay? and the author’. *, The presentation by the author 
in 1949 included development of theoretically exact equations from basic rela- 
tionships of Raber and Hutchinson: 78+ %, and a comparison with experi- 
mental data. Although the agreement between experiment and theory is satis- 
factory, the application of the theoretical equations to design is laborious. 


Radiant energy is of such a nature that it does not produce heat until it is 
absorbed. Since approximately 80 percent of the electrical input to an incandes- 
cent filament is initially emitted as radiation, no appreciable heating is encoun- 
tered except at surfaces which are able to absorb radiant energy. The ability 


ssutn Professor of Mechanical Engineering, University of Kentucky. Junior Member of 
Presented at the Semi-Annual Meeting of THe American Society or Heating AND VENTILATING 
Enatneers, Spring Lake, N. J., June 1952. 
1 Exponent numerals refer to References. 


287 


: 
4 
| 
} 
4 
i 
| 
| 
i 
i 
= 


288 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


of carbon dioxide and water particles within the air to absorb radiant energy 
is usually quite small with the percentage absorption being less than ten.® While 
some energy is absorbed by occupants and furniture, approximately 70 percent 
of the electrical input is absorbed at the enclosure surfaces.4 A part of the 
heat produced by absorption of radiant energy and originating at the enclosure 
surfaces, excluding the cooling panel surface, is conveyed to the room air. The 
ratio of the sum of this heat quantity plus that directly added to the air by 
the filament, to the electrical input of the filament, represents the effectiveness 
of the lighting load in heating the air. This ratio is less than unity for all cases 
except that of a perfectly insulated enclosure. 

Cooling panels may be employed to reduce the effectiveness ratio even when 
operating at relatively high temperatures? 23-4, A cooling panel maintained 
at the same temperature as the room can, in the limit of infinite conductivity, 
reduce the effectiveness ratio to 30 percent. This is a very significant achieve- 
ment when the lighting load represents a major load component. By lowering 
the panel temperature to some value below the room air temperature, sufficient 
sensible heat is removed to produce a comfortable environment. In general, 
it is desirable to design cooling panels to remove as much sensible heat as 
possible without lowering the surface temperature too near the dewpoint of the 
room air. 


Cootinc Loap FrRoM LIGHTS IN THE ABSENCE OF COOLING PANELS 


It has long been known that the lighting load component, obtained by multi- 
plying the electrical input measured in watts by 3.42, is in excess of the true 
heat gain although still commonly used in computing heat gain. No great error 
results in the total load when the lighting load is small relative to other com- 
ponents, but this is not always the case. 

The absorption of radiant energy by the enclosure surfaces causes a higher 
inside surface temperature and thereby reduces the outside-inside temperature 
differential. This lowers the heat transmission by conduction, and therefore, 
the sum of the electrical input to the filament and the heat gained by conduction, 
while the filament is heated, is always less than the sum of the two components 
when the conduction gain is calculated without consideration of the filament 
radiation. From the difference of the two totals, the effectiveness of the filament 
in heating the air is derived. Equation 1 relates the energy lost to the inside 
air from the enclosure surface and that received at the surface through con- 
duction from the outside and by radiation from the internal energy source. 


(te — ts) = AeCe (to te) a (1) 
where 


h. = unit thermal conductance by convection for enclosure inside surface, 
Btu per (square foot) (hour) (Fahrenheit degree temperature difference 
between surface and air in room). 

A. = inside surface area of enclosure, square feet. 

t. = temperature of inside surface of enclosure, Fahrenheit. 

t, = temperature of air in room, Fahrenheit. 

to = temperature of outside air, Fahrenheit. 

C. = equivalent conductance of wall construction, Btu per (square foot) (hour) 
(Rahrenheit degree temperature difference between inside surface and 
outdoor air). (Wall denotes any surface such as wall, floor, glass.) 
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E”., = total radiant energy received by the inside enclosure surface from internal 
sources, Btu per hour. (Enclosure refers to the combination of all surfaces 
of a room except heating or cooling panels.) 


The air within the room may receive heat from the inside enclosure surface, 
internal heat sources, infiltration of warm air, and transmission of solar energy 
through glass, and lose heat to a cooled surface such as a conditioning coil. 
Relating these terms, 


heAe (te — ta) + 0.30E +024W(t—t) +Q0=R..... (2) 
where 


E = energy input to incandescent filaments, Btu per hour. 

W = weight of outside air entering the room by infiltration or through the 
ventilation system, pounds per hour. 

Q = sum of all convective sensible heat components occurring within the room, 
excluding those of the lighting filaments, Btu per hour. (Solar energy 
transmitted through glass is absorbed within the room and is assumed to 
be ultimately transferred to the air, and must be included in this term.) 


R = sensible heat removed from the room air by a convective cooling surface 
such as a coil. 


In the evaluation of total radiation received at a particular surface of an 
enclosure, the geometry and surface characteristics of the system must be con- 
sidered. From basic equations of Raber and Hutchinson, the author* formulated 
a simplified expression for the total radiant energy received at an enclosure sur- 
face when initially radiated from an internal source. This particular equation 
is written for the energy received at surface n, any surface of the enclosure, 
for radiant energy emitted from an internal source as follows: 


E”, = 0.7Eas Ss [Fun + (1 — ax) . - 
where 


S, and S; correct for multiple reflections among the enclosure surfaces and 
are expressed as 
S: = 1+ — (1 — ax) Fax] 
S; = 1 + [1 - (1 — an) (1 — ax) Faz Si) 


an = absorptivity of receiving surface for high temperature radiation. 
ax = absorptivity of the combination of all room surfaces, excluding receiver, 
for high temperature radiation. 

Fun = shape factor of the receiving surface with respect to the radiant source. 
(The fraction of radiant energy leaving the source that is intercepted 
by the receiver.) 

Fix = shape factor of the combination of all room surfaces excluding the receiver 
with respect to the emitter. (For this particular equation the emitter is 
not one of the enclosure surfaces.) 

Fy, = shape factor of the receiving surface with respect to the combination. 

Fyx = shape factor of the combination surface with respect to the receiver. 

Fx = shape factor of surface combination with respect to itself. 


If all surfaces of an enclosure exist at approximately the same temperature, 
the receiving surface is expanded to include all, and the combination, x, included 
in Equation 3 is non-existent. For this greatly simplified case the total radiant 
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energy reaching the enclosure from the internal source is obtained from Equa- 
tion 3 as 


E”. = 0.7E 
E””., = the energy received at the enclosure surface, Btu per hour. 


Equations 1 and 2 are simplified by substituting numerical values, h, = 0.7, 
t, = 78, and t, = 95. (An average value of 0.7 Btu per (hr) (sq ft) (F deg) 
is representative for the convection coefficient over the entire enclosure surface, 
while the outside design and inside air temperatures are assumed to be 95 and 
78 F respectively.) A study of summer design conditions for a wide section of 
the country and the A.S.H.V.E. comfort chart justifies these assumptions. 
Therefore, substituting these values for h,, t, and t, into Equations 1 and 2: 
0.70 (% — 78) — Ce (95 —&) AL ....... 
(R — Q) + Ay = 0.70 (te — 78) + 0.24 W [(95 — 78) + A] +O03E + AL. . (5) 
where 


A,=total area of room surfaces, square feet. (If cooling or heating panels are 
absent, At and are identical.) 


Equation 4 may be solved for ¢,. 


+9500. + 54.6 


(070+ Ce) 


A direct expression for (R — Q)/A, is obtained by substituting the preceding 
value of t, into Equation 5. 


Q70E 
270 | —— + 95.006,+54.6 
R-Q A, 4/W 
—= + —— + 594.6 (6) 


As (0.70+C,) A; A; 


For particular values of 4,, QO, E, C, and W obtained for the space under 
consideration, the heat gain R may be computed directly by Equation 6. The 
influence of the internal radiant source input E on R may also be considered 
from Equation 6, and expressed in terms of an effectiveness ratio. A convenient 
ratio is that of the increase in R produced solely by E, to E, and gives a 
dimensionless value that will be designated Effectiveness. 


Effectiveness = (Re — Re=0)/E .......... (7%) 
where 


Re = value of R determined from Equation 6 for any value of E. 
Re=0 = value of R determined from Equation 6 with E equal to zero. 


Substitution of appropriate values for R from Equation 6 into Equation 7 
results in a more useful form of Equation 7. 


Effectiveness = [0.49 + (0.70 + C.)] +030 ...... . (7a) 


Equation 7a reveals that as C, becomes infinitely large, the effectiveness ap- 
proaches 0.30. Table 1 presents the enclosure surface temperature ¢,, the sensi- 
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ble heat load, and the effectiveness at various values of E for an overall enclo- 
sure coefficient U, = 0.16 and a ventilation rate of 0.175 lb per (hr) (sq ft). 
This ventilation rate is equivalent to approximately 0.39 cfm per sq ft. 


TABLE 1—VALUES OF ¢,, (R — Q) anpb Effectiveness FoR VARIOUS VALUES OF 
E wHen U,=0.16 anp VENTILATION RaTE Is 0.175 LB PER (Hr) (SQ Fr) 


E te (R — Q) EFFEc- 
Btu PER FAHR Btu PER TIVENESS 
(hr) (sq ft) (hr) (sq ft) PERCENT 
0 | 81.4 3.13 85 
1 82.2 3.98 85 
2 83.0 4.84 85 
3 83.8 5.70 85 
4 84.6 6.55 85 
5 85.4 7.42 85 
6 86.2 | 8.27 85 


The application of Equation 6 and 7a requires that all surfaces of the enclo- 
sure be treated together as a single unit. To approximate the ideal case in 
practice an equivalent isothermal inside surface of the enclosure is assumed. 
To validate the assumption, the equivalent isothermal surface must be supported 
by a homogeneous equivalent wall exposed on the opposite side to a uniform 
temperature environment. The equivalent wall is established with a high degree 
of precision by taking a weighted average of the actual wall components with 
respect to area, overall conductance, and temperature differential. The equiva- 
lent overall coefficient is expressed in terms of the components. 


U. = = ta) + A,U, (to t,) + AU; ta) + A.U, 
(te’ — ta) + AwUw (to’ — ta)] + [At (to + 


where 


Aj, Ag, At, Ac, Aw = Areas of inside partition walls, glass, floor, ceiling 
and outside wall respectively, square feet. 

ik, bo, t,’, t.', to’ = temperatures of air inside the room, opposite inside 
partitions, outdoor, beneath the floor, above the ceiling and outdoor cor- 
rected for solar energy, respectively, Fahrenheit. 

Uj, Ug. Ut, Uc, Uw = overall heat transfer coefficient for inside partition 
walls, glass, floor, ceiling and outside walls respectively, Btu per (hour) 
(square foot) (Fahrenheit degree difference in air temperature on both 
sides). 


The use of a hypothetical outside temperature ¢,’, correcting for solar energy 
striking outside walls, enables a very broad application of Equation 8. The 
temperature ¢,’ is determined by writing an energy balance on the outside wall 
surface. This temperature is designated as the sol-air temperature and is dis- 
cussed on pages 271-274 of the HEATING VENTILATING AIR CONDITIONING 
Guipe, 1952. The solar transmission through glass must be included in the 
term Q of Equation 6. The sol-air temperature concept may also be utilized 
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in treating thermal lag of thick walls. The equivalent conductance C, is ob- 
tained from values of U, computed from Equation 8. 


where 


fi = inside surface conductance, Btu per (hour) (square foot) (Fahrenheit 
degree temperature difference). 

Table 1 and Equation 7a reveal that the intensity of the lighting load has 
no effect on the effectiveness. Data are presented graphically by Fig. 1. Any 
problem may be accurately analyzed by applying Equations 1 and 2 to compute 
the exact value of the sensible cooling load R. Results clearly show that the 
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Fic. 1. EFFectivENEsS oF LIGHTING LoAD IN HEATING 
Room AIR IN THE ABSENCE OF COOLING PANELS 


effectiveness of the lighting load in heating the room is dependent on U, and 
varies from 96 to 68 percent for values U, of 0.04 and 0.48, respectively. 


OPERATING REQUIREMENTS OF COOLING PANELS 


Rational Equations: Since a cooling panel is usually an integral part of the 
enclosure, it cannot be used to remove any part of the /atent heat component, but 
this does not limit its ability to absorb sensible heat. The usefulness of cooling 
panels obviously becomes greater as the ratio of the sensible heat to the total 
heat load becomes larger, a condition which usually exists when the lighting 
load is appreciable. The requisite panel surface temperature may be calculated 
by writing a balance between the heat received and the heat loss by each sur- 
face, assuring an exact solution for the ideal case. Frequently an approximate 
solution will suffice, thereby shortening the computations tremendously.®- 4: 5: 8, 
The approximate analysis is formulated by considering that all walls of the 
enclosure, excluding the panel, are taken as an equivalent enclosure at some 
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hypothetically uniform temperature ¢,. Equation 8 may be employed to formu- 
late the equivalent enclosure. 
By equating the energy received and lost by the equivalent enclosure surface 
and the room air the following relationships are respectively obtained. 
h,A pF pe te) + h-Ae (ta te) + E.” = AeCe (te to) 
(tp ta) + h.Ae (te = ts) + (Q R) + 0.24 WX (to ta) =0 
where 


hy = radiation factor, Btu per (hour) (square foot) (Fahrenheit degree dif- 
ference between the emitting and receiving surfaces). 
Ay, = area of cooling panel, square feet. 
ty = panel temperature, Fahrenheit. 
For = = ? of enclosure with respect to the panel. (Value is unity for 
this case). 


These equations are simplified by letting 
u = A,/ (Ae + Ap) 

and 
v= A./(Ae + A») 


Performing these substitutions and writing the comfort relationship (see Ref- 
erence 6, p. 68), the three necessary design equations are obtained, as follows: 


hyu (tp — te) + (ta — te) + + Ap) = (te — to) (9) 

hett (typ — ta) + hev (te — ta) + [0.30E/(Ap + Ac)] + [(Q — R)/ 
(Ap + Ae)] + [0.24 W (t — ta) +> (Ap A.)] (10) 


Equations 9, 10 and 11 may be applied to calculate the panel temperature re- 
quired to produce comfort, in terms of Equation 11, for any room, provided 
the various heat gains are known together with wall construction. Probably 
the greatest concern in the application of the preceding equations is the validity 
of the comfort equation. Equation 11 is recommended for heating, however 
it probably is not as suitable for cooling®. A substitution of 156 — vt, — ut, 
for Equation 11 would likely be more accurate in defining a comfortable 
environment for cooling, however, the author recognizes that this proposal has 
not been adequately investigated. The heating relationship is used in this report 
in the absence of a more positive one, although the validity is recognized to 
be questionable in defining cooling comfort conditions. 

The terms Q and R used in the preceding equations are the internal convective 
sensible heat gains and losses respectively, just as in Equations 2 and 5. Since 
an internal sink, other than the panel, must be provided to remove the latent heat, 
it also removes some sensible heat. Unless the direct solar load is extremely 
large (Q — R) may approach zero, but this is not a requirement for the appli- 
cations of Equations 1, 2, 9, 10, and 11. 

After substituting average constants for h, and t,, Equations 9 and 10 be- 
come 12 and 13, for a ceiling panel: 
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In Equation 12, h, is replaced by 1.00 since it is approximately unity for 
conventional wall materials and usual temperatures encountered in panel cooling. 


1100 (ty — ty) + 0.70V (to Ap+ Ae (13) 


Equation 12 may be rearranged to obtain ¢, as follows: 


+ ty + Cote) +7 
“t+v@Q70+C,) 


Substituting this value of ¢, into Equation 13, 


= /./0 + 070v — 
AptAe (tte) u+v(070+C,) 
Q30E 024W tote) on 
Ap+Ae AptAe 


For an inside and outside temperature of 78 and 95 F, Equation 15 becomes - 


tp (54.6 + 95.0C,) + = 
AptAe u+v(0.70 + Ce) 
O30E 4./W 
AptAe AptAe 
By analogy with Equation 7a 
SE 
utv(0.70+C.) 


Since E,”/E is constant for any particular system, Equation 17 shows that the 
air heating effectiveness of the lighting energy is independent of panel and air 
temperature and the intensity. 

The total sensible load of the room is given by the sum of the component R, 
determined by Equations 15 or 16, and the panel load. The panel load Q, is 
composed of the radiant reception from the light source, the convective recep- 
tion from the room air and radiation from the enclosure surfaces. 


E,” + (ta ty) + A,h; (te ty) (18) 


where 


E,” is evaluated by Equation 3. The radiation factor h, is approximately 
equal to unity for the surface conditions and temperature differences encoun- 


tered for conventional buildings. 

Applications of Equations: The evaluation of E,’ or E,’ from Equation 3 
requires the shape factor of the enclosure or panel with respect to the light 
source, and this is obtained from standard charts by considering the light as 


= 
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a point source* 5, In case of several individual lights, the arithmetic average 
of the shape factor for each taken separately may satisfactorily be employed. 
All radiation from the source that is not intercepted by the panel must be re- 
ceived by the enclosure, therefore, Fy, 1— Fy). The absorptivity of most 
building surfaces is greater than 0.90 for low temperature irradiation, but the 
values become much less when high temperature radiation is involved, and 
varies appreciably with the color of the surface. An absorptivity value of 0.5 
for high temperature radiation is characteristic of a surface painted with a light 
colored flat paint, but is low for special heat absorbing paints which are useful 
in increasing the panel effectiveness relative to the removal of lighting loads.1 
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Fic. 2. REQUISITE PANEL TEMPERATURES SATISFYING THE 
Comrort Equation For (R — Q) =0 No LicHTincG 
Loap 


Fig. 2 shows the required panel surface temperature for three values of 4, 
ratio of panel area to total area, as a function of the equivalent overall con- 
ductance. These curves are obtained by application of Equations 9, 10, 11, with 
(Q —R), t,, and W taken as 0 Btu per (hr) (sq ft) (F deg), 95 F, and 0.175 
Ib per (hr) (sq ft) respectively. The outside design air temperature selected 
is applicable to most localities in the eastern part of the United States and the 
ventilation rate is representative of approximately one air change per hour. No 
allowance is made fer the effect of solar radiation on the outside surfaces. For 
these conditions Figs. 3, 4, and 5 show graphically the requisite panel surface 
temperature as a function of U, for «= 0.25, 0.20 and 0.15 respectively, each 
for a lighting load of 0, 1, 2, 3, and 4 Btu per (hr) (sq ft). Although these 
charts are somewhat limited, they are constructed to be used for design pur- 
poses when the actual conditions simulate those for which they are prepared. 
A value of E,” = 0.47 E and 0.35 E may be used for design purposes for a 
conventional room with a panel absorptivity of 0.5 and 0.8 respectively, a shape 
factor of 0.5 between the light source and the panel, and an enclosure absorp- 
tivity of 0.5. The value approaches zero as the panel absorptivity and shape 
factor from the source to panel simultaneously approach unity. 
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The following example illustrates the application of the various equations: 
A room 14 X 16 X 9 ft contains a cooling panel occupying the entire ceiling 
with the absorptivity of all surfaces including the panel equal to 0.9 and 0.5 
for low and high temperature radiation respectively. For an outside dry bulb 
temperature of 95 F, an inside air temperature of 78 F, a panel temperature of 
66 F, an internal gain of 2500 Btu per hr, a lighting load of 575 watts and 
an equivalent conductance of 0.08 Btu per (hr) (sq ft) (F deg), calculate (a) 
the required sensible sink R, (6) total panel load and (c) effectiveness of light- 
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Fic. 3. REQUISITE PANEL TEMPERA- 
TURES SATISFYING THE COMFORT 
EguaTIon FoR (R—Q)=0 
0.25 For Various LIGHTING 
Loaps 


ing load. The shape factor of the panel 
0.5. The inside air temperature given 
Equation 11. 


Solution: 


Ay = 224 sq ft. 
A. = 764 sq ft. 
A, = 988 sq ft. 
u = 0.227. 
v = 0.773. 
t. = 78.5 (by Equation 14). 
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Fic. 4. REQUISITE PANEL TEMPERA- 
TURES SATISFYING THE COMFORT 
EguaTIon FoR (R—Q)=0 anpd 
u = 0.20 For Various LIGHTING 
Loaps 


with respect to the light is assumed as 
is not necessarily in accordance with 


(a) R = 435 Btu per hr by Equation 15 or 16. 
(b) Qp = 455 + 2960 + 2800 = 6215 Btu per hr (by Equation 18). 


The first term, EZ,” in Equation 18 will be 0.23 E computed by Equation 3. 
Sensible load = R + Q, = 6650 Btu per hr. 

Total load = Q, + Q; = 6650 + Q, Btu per hr. 

(c) Percent Effectiveness = 60 percent by Equation 17. 
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APPLICATIONS OF CHARTS 


The use of the charts, Figs. 3, 4 and 5, may be demonstrated with the following 
example: A room 14 X 16 X 9 ft possessing an overall equivalent conductance, 
U, = 90.16 is located in an area where the design outside air temperature is 
95 F. The room contains 1000 watts of electric incandescent lighting and is 
to be cooled with a panel covering the entire ceiling. What is the requisite sur- 
face temperature? 

Solution: Since the charts are constructed for only one ventilation rate, this 
factor does not enter into the graphical solution. The lighting load per square 
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Fic. 5. ReguisiIrE PANEL TEMPERA- 
TURES SATISFYING THE COMFORT 
EguaTION FoR (R—Q)=0 AND 
u=0.15 For Various LIGHTING 
Loaps 


foot is (1000 3.42) /988 = 3.47 Btu per (hr) (sq ft) and u = 224/988 = 0.227. 
This requires interpolation between L = 3.0 and 4.0 and between «= 0.200 and 
0.250. A panel temperature of 57.2 F is determined. If no lighting load were 
present, the requisite panel temperature would have been 62.0 F. Although the 
gtaphical solution is limited, it is useful in securing relatively close approxi- 
mations and evaluating trends produced by changing conditions. Figs. 3, 4, and 
5 are based on a shape factor from the light to the panel of 0.5 and an absorp- 
tivity value for all surfaces equal to 0.5. 


SUMMARY OF CooLING PANEL PERFORMANCE 


The effectiveness of the panel in removing internal radiation may be signifi- 
cantly improved by increasing either the shape factor, with respect to the source, 
the surface absorptivity, or both. In some cases panel surfaces with a special 
heat absorbing paint possess absorptivity values as high as 0.80. For a shape 
factor of the panel with respect to the light equal to 0.5 and an enclosure 


298 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


absorptivity of 0.5, a panel absorptivity of 0.5 and 0.8 produces a respective 
approximate direct absorption of 23 and 37 percent of the filament input. Direc 
absorption as used here includes energy exchanged between the panel and source 
plus that received by the panel by reflection. Reradiation of energy from enclo- 
sure surfaces is not included. These quantities are determined by Equation 3 
and are independent of the panel temperature. If the panel temperature is 
equal to the air temperature, no convection transfer is possible but a net transfer 
by radiation occurs between the panel and the warmer enclosure surfaces. 
Energy lost from the warm surface walls reduces convection to the room air 
thereby reducing the convective component R. The temperature of the inside 
enclosure surfaces is dependent on the equivalent conductance as well as the 
temperature on the weather side, and is usually several degrees warmer than 
the inside air. The rate of radiant energy absorption by the panel from the 
enclosure surfaces is equal to approximately 1 Btu per (hr) (F deg difference 
between surfaces) (sq ft of panel area). Irrespective of whether this energy 
is received at the enclosure by radiation from lights or by conduction from 
the outside, its removal by radiation represents a decrease in the convective 
sensible cooling component R. 

By reducing the panel temperature below that of the ambient air, heat removal 
by convection from the room air results, ranging from approximately 0.4 to 
1.1 Btu per (hr) (sq ft) (F deg) for floor and ceiling panels respectively. As 
depicted by Equation 18, the overall cooling capacity of the panel increases as 
its temperature is lowered, but because of possible condensation, the panel tem- 
perature cannot be brought too near the dew point of the room air. Except 
for extreme cases, cooling panels may be designed to accommodate all the sensi- 
ble component, a condition representing maximum performance. This condition 
would be determined by making R equal to zero in Equations 15 or 16, locating 
the panel temperature safely above the dew point, and solving for the requisite 
area. As some provisions must be made for the removal of the latent component, 
a portion of the sensible load is simultaneously removed reveaiing that an arbi- 
trary selection of R equal zero is not necessarily the most feasible selection. 
Consequently the most logical design is probably the determination of R asso- 
ciated with the latent heat sink, and the corresponding panel area and tempera- 
ture as given by Equation 15 or 16. 


CoNCLUSIONS 


1. All of the lighting loads should not be considered in calculating the cooling 
capacity required for convective cooling. In the absence of cooling panels the value 
to be considered varies from approximately 96 percent for a very well insulated 
enclosure to approximately 68 percent for a very poorly insulated one. 

2. A cooling panel intercepting one half of the radiation from a light source, directly 
absorbs approximately 23 and 37 percent of the electrical input to the lights when the 
enclosure surfaces possess an absorptivity value of 0.5 with a panel absorptivity of 
0.5 and 0.8 respectively. These values are independent of the panel temperature. By 
use of a panel at a temperature no lower than that of the room air an additional 
increase in energy removal is achieved by radiation between the enclosure surface and 
the panel. This component is equal to approximately 1 Btu per (hr) (F deg) for each 
square foot of panel surface. The effectiveness of the lighting load in heating the 
air is independent of panel surface temperature, and decreases with the equivalent 
conductance, panel absorptivity, and the light to panel shape factor. 
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3. Simplified equations are given from which the panel temperature, room air 
temperature, and enclosure temperature may be determined in accordance with the 
comfort equation (see Equations 9, 10, 11). Furthermore Equation 15 may be used to 
calculate the additional sensible heat removal R necessary to maintain equilibrium for 
a given panel and room air temperature, or the required panel temperature for known 
values of the air temperature and R. Equations 15 and 18 give the total load 
requirements. 
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DISCUSSION 


H. E, Zier, Detroit, Mich.: I would like to ask the author what his recommendation 
would be in a normal auditorium where the outside prevailing wet bulb temperature 
is 76 F; whether he would try to do all the air-conditioning from a central system or 
recommend the panel system? j 


C. S. Leopotp, Philadelphia, Pa.: I should like to comment on Mr. Ziel’s question 
and state that I do not think that the application of panels in a theatre is justified. The 
latent load is high and the corresponding air supply is so high that all of the work is 
more economically accomplished by air. 
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In a theatre, people are seated close together, which places a limitation on the 
amount of panel that they would see. I have speculated on the use of a cooled ceiling 
above the seats which occur under a balcony, with the thought of compensating for 
the lack of radiation to the side walls. I question whether the improvement in sensation 
would justify the cost. 

The problem of panel cooling is not so simple as the idealized room described in this 
paper. Although the application of panel cooling is by no means limited to multi-story 
structures, it does have some unusual advantages for this application. To the best of 
my knowledge, as an air conditioning method it requires a minimum of floor space 
and volume and can be introduced into a multi-story structure with minimum 
limitations on the structural plan. 

The use of embedded tubes in plaster, as used for heating, is not so desirable as other 
methods because of the temperature gradient from the embedded tube to the ceiling 
surface and the desire to keep the water temperature as far above the room dewpoint 
as possible. In our work thus far we have used the cooling panel as an element in a 
suspended metal ceiling. Under these conditions the top of the panel still does useful 
work on the floor above and in the case of recessed lights picks up considerable energy 
above the ceiling line. I have designed a panel which forms the reflector for the 
fluorescent fixture. With this design, little of the energy of the luminaire finds its way 
into the room. 

Thermal storage, though less with panel cooling than with more conventional 
systems, is still of major importance. My paper on this subject indicates that in main- 
taining a model test room at 78 F, using a number of combinations of glass and window 
shade (from clear glass no shade to double glass with heat absorbent glass outside 
and clear glass inside) the required ceiling temperature for a 3 hour exposure differed 
by less than 3 deg. 


AutHors’ Ciosure: I would like to thank both Mr. Ziel and Mr. Leopold for 
their comments, and believe that they were appropriately expressed. I am in agreement 
with Mr. Leopold’s reply to the first question. 

In summing up our experience with cooling panels, I would like to offer additional 
remarks. Panel cooling offers many advantages not attainable with convective systems, 
and accordingly should be considered for nearly every application. We recognize 
however, that an enclosure requires the admission of ventilating air, and that cooling 
panels are incapable of accommodating the latent component. Accordingly a combina- 
tion panel and convective system appears favorable for almost all comfort applications. 

When more engineers become informed of the advantage of panel cooling, this 
method will achieve a more extensive role in compensating for heat gains to structures. 
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No. 1455 


MOISTURE MIGRATION IN A CLOSED 
GUARDED HOT PLATE 


By N. B. Hutcueon* anp J. A. Paxton,** SASKATOON, CANADA 


RESENT STANDARDS for the measurement of thermal conductivities of 
materials in guarded hot plates require that the test samples be thoroughly 
dried before testing. Since many building materials contain moisture in actual 
practice, it is important to know its effect on the transmission of heat through 
such materials. Many investigators have tested moist materials in guarded hot 


plates. The results have been expressed as coefficients of conductivity which 
have, in general, been found to increase linearly, or nearly so, with increasing 
moisture content. Several investigators have reported a migration of moisture 
toward the cold side during such tests. 

The presence of moisture greatly complicates a hot plate test because the 
steady-state thermal conditions essential to the method are not achieved until 
the migration of moisture has also reached a steady-state. Similar difficulties 
may be encountered in testing hygroscopic materials which are initially dry; the 
samples under test may sorb moisture from the air surrounding the plate, 
resulting in a disturbed heat flow pattern as well as a definite moisture content 
at final equilibrium. Finally, there is the difficulty in interpreting the results 
obtained, and in relating them to the actual cases encountered in practice. 

This paper presents the results of a series of tests carried out at the University 
of Saskatchewan on samples of spruce sawdust with various initial moisture 
contents, sealed into a 12-in., closed guarded hot plate. In these tests overall loss 
or gain of moisture was prevented and it was possible to study the migration 
of the moisture and its effect on the plate performance, as well as the final 
equilibrium conditions obtained. Certain limitations in the use of the hot plate 
were overcome in a special cell, 7 in. in size but of the same general construc- 
tion, in which parallel series of tests were run. 


* Professor of Mechanical Engineering, University of Saskatchewan. Member of A.S.H.V.E. 

** Graduate Student and Research Assistant, University of Saskatchewan. 

Presented at the Semi-Annual Meeting of THe Amertcan Society of HEATING AND VENTILATING 
Enorneers, Spring Lake, N. J., June 1952. 
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THEORETICAL CONSIDERATIONS 


Prior consideration of the action of moisture in testing wood fiber materials 
led to the conclusion that it might be possible to predict the final moisture dis- 
tribution in a closed system from the known hygroscopic properties of wood. 
Curves for equilibrium moisture content for a sample of spruce sawdust at 68 F 
are shown in Fig. 1. The characteristic hysteresis effect as between adsorption 
and desorption may be noted. The Forest Products Laboratory data!, which are 
widely known in connection with the processing and use of wood, give the aver- 
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age values for a wide range of temperatures. An increase of temperature lowers 
the equilibrium moisture content at a given relative humidity. 

Consider a sample of sawdust having a moisture content of 5.4 percent by 
weight, dry basis, placed in a 2-in. space between hot and cold plates at 100 F 
and 60 F, respectively. Assume that the thermal conductivity is uniform through- 
out the sample and that a linear gradation of temperature therefore exists. It is 
possible to predict, from the Forest Products Laboratory data referred to, and 
ignoring hysteresis, the initial or potential vapor pressure gradation through 
the sample, before any migration has taken place, as shown in Fig. 2. The 
assumption is made that the vapor pressure gradation throughout the thickness 
of the sample may be represented by the vapor pressures of successive thin slices, 
each of which is considered to be at the original moisture content and at a 
uniform temperature corresponding to its position in the sample. 

It is immediately apparent from consideration of Fig. 2 that there can exist 
a substantial driving force, a vapor pressure difference, to cause a vapor migra- 
tion toward the cold side. As this migration proceeds, the vapor pressure will 
be reduced on the warm side, thereby reducing the relative humidity and thus 


1 Exponent numerals refer to References. 
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disturbing the equilibrium condition between the moisture content of the material 
and the relative humidity of the void atmosphere. Evaporation of water from 
the sample may be expected. Also, by similar reasoning, it may be concluded 
that the vapor pressure and relative humidity at the cold side will tend to in- 
crease, and the material there will begin to sorb vapor, thus increasing its mois- 
ture content. If it be assumed, further, that migration takes place only in the 
vapor state and that such migration will proceed so long as there exists a differ- 
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ence in vapor pressure, that is, until the vapor pressure becomes constant 
throughout the sample, it is again possible, neglecting hysteresis, to predict a 
final distribution of moisture from the wood data already mentioned. A trial 
and error procedure must, however, be followed. Let it be assumed that the 
final uniform vapor pressure is 0.26 in. Hg. A curve of relative humidity 
throughout the sample may now be drawn as in Fig. 3 (a). From the assumed 
linear temperature gradation and the relative humidity, it is possible to predict 
the corresponding equilibrium moisture contents as in Fig. 3 (b), from the 
known data for wood. Integration of the area under the constructed moisture 
distribution curve indicates that the average moisture content is 5.4 percent. 
On the basis of the assumptions made, an initial, uniformly distributed, moisture 
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content of 5.4 percent will be changed by migration under temperature gradient 
to a final moisture distribution varying from 3 percent at the hot side to nearly 
10 percent at the cold side, with the final vapor pressure 0.26 in. Hg throughout. 
A similar procedure carried out for a vapor pressure of 0.52 in. Hg, as shown 
in Fig. 3, indicates that a moisture content of 11.6 percent will produce this 
final vapor pressure and that the final moisture distribution will vary from 
slightly over 5 percent at the warm side to about 40 percent at the cold side. 
It may be noted that the relative humidity at the cold side for this latter case 
is 100 percent. 

It is interesting to consider, on the basis of the assumptions made, what 
might be expected if the initial moisture content were higher than 11.6 percent. 
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The vapor pressure of 0.52 in. Hg, at the cold side, corresponding to saturation 
at 60 F, cannot be exceeded. Flow to the cold side accompanied by condensation 
on the cold plate may therefore be expected until the uniform vapor pressure of 
0.52 in. Hg exists throughout, with 11.6 percent moisture distributed and held 
hygroscopically as before, and any balance collecting as liquid at the cold plate, 
as represented by the shaded area in Fig. 3. At this stage, the assumption that 
only vapor migration will take place is obviously no longer applicable since 
migration by gravity of the liquid condensed at the cold plate may be expected 
in a vertical plate, or movement of liquid to drier material toward the warm 
plate may occur. The results of investigations by others* 3-4 indicate that a 
movement of liquid water in the direction of decreasing moisture content can 
take place, due presumably to capillary action. This has also been postulated 
by McDermott® and by Rowley®. 
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No originality can be claimed for the basis of prediction used for moisture 
contents below those producing saturation at the cold plate, since this is implicit 
in the work reported in 1940 by Barre? in which he inferred vapor pressures 
from measured moisture contents and known hygroscopic properties of materials 
in test walls. 


More recently, Munters’, in a paper based substantially on the work of 
Johansson and others referred to in his paper, which was not seen until the 
tests reported here had been completed, appears to accept fully the method used. 
Further, he states that capillary resoaking will take place at moisture contents 
corresponding to high humidities, with liquid movement taking place in the 
direction of decreasing moisture content, regardless of the sign of vapor pressure 
gradient. 


The influence of hysteresis, which has so far been disregarded, may now.be 
introduced into the discussion. Fig. 4 shows the predicted distribution of mois- 
ture content from Fig. 3 for the 5.4 percent condition. The initial, uniformly 
distributed moisture content is also shown. It is apparent that an amount of 
moisture substantially as represented by the area A must be moved to make up 
the increase of moisture at the cold side as represented by area B. The material 
on the hot side of point C may be considered to have approached the final 
moisture condition from some higher moisture content and therefore desorption 
data should have been applied. Similarly, adsorption data may be assumed to 
apply to material on the cold side of point C. Seborg® has indicated an average 
ratio of adsorption to desorption equilibrium moisture contents of 0.86, so that 
a rough correction may be made by raising the curve of Fig. 4 by 7 percent of 
the values on the desorption side and lowering it by 7 percent on the adsorption 
side, and then completing the curve through the intermediate area for which 
the changes in moisture content during the approach to final equilibrium are 
in doubt. Similar corrected curves drawn for various other moisture contents 
are used in the study of experimental data later in the paper. 


Further consideration of the initial and final moisture distributions shown in 
Fig. 4 suggests that the moisture at A must take on the latent heat of evapora- 
tion plus any heat of wetting before migrating as vapor to B, where the latent 
heat and heat of wetting are released as sensible heat in the sorption process. 
This immediately suggests the possibility that the overall transmission of heat 
will be increased by the presence of moisture. Such an increase is already well 
recognized but is usually considered to be due to increased conduction through 
the wetted fibers rather than to a parallel mechanism of heat transmission result- 
ing from evaporation, vapor movement and condensation. The influence on heat 
transmission of this mechanism, if it exists, will be greatest at the start of a 
migration period when the vapor pressure differences and, therefore, the rate 
of migration, may be assumed to be greatest. A similar effect may be expected 
in the general case where moisture is continuously introduced at the hot side 
and lost at the cold side, with an intermediate change of state. Finally, if 
under condensing conditions at the cold plate there is migration of liquid toward 
the hot plate, thus supporting a steady return of moisture toward the cold plate 
as vapor, increased heat transmission will result. This will be in addition to 
the increase in heat flow resulting from the increase in conductivity of the 
wetted fibers. 


1 
| 


306 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


DESCRIPTION OF APPARATUS AND PROCEDURE 


The 12-in. hot plate, Fig. 5, had a 6-in. square test area, with a 3-in. wide 
guard ring. The hot plate assembly was made up of 14-in. aluminum face plates 
with %-in. gap between the test and guard areas. The heating coils which 
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followed exactly the face plate areas were of nichrome ribbon wound on mica 
plate cores. The cold plates were also of 44-in. aluminum plate, spaced by means 
of gaskets, with water circulation arranged in two passes. The hot plate and 
the two cold plates were maintained at a fixed spacing of 2 in. by sides and 
bottom of 28-gage tinned steel sheet which were fastened to the edges of the hot 
and cold plates by screws and metal strips. In use the metal cover of similar 
construction was fastened in place and all edges were sealed with wax so that 
gain or loss of moisture from the test samples was prevented. 
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Experience with open plates had indicated that moisture migration into the 
open edges of initially dry hygroscopic samples during tests complicated the 
balancing of the plate, necessitated long periods of tests and, under varying 
humidity conditions, often prevented attainment of a satisfactory balance. It is 
interesting to note that the closed plate once balanced would remain so for days 
at a time without further adjustment, with either wet or dry samples. 
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Fic. 6. Seven-INcH Test CELL 


It was evident, in view of the need for accurate temperature balance, that 
the hot plate could not be used for any accurate determinations of instantaneous 
rate of heat flow during any transient period short of the steady-state. It became 
necessary therefore to consider some other means of measuring the instantan- 
eous heat flow during the migration period. Further, the hot plate was not a 
convenient apparatus for quickly establishing and maintaining the hot side tem- 
perature. For these reasons, it was found desirable to use a 7-in. test cell, Fig. 6, 
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in which both hot and cold sides were maintained at the proper temperatures 
by water circulated from controlled-temperature reservoirs. A multiple-thermo- 
couple heatmeter made by Gier and Dunkle was fastened to the face of the hot 
plate in contact with the sample, and was used for measurement of instantaneous 
heat flow rates. 

Temperature gradations from hot to cold side through the samples were meas- 
ured opposite the plate centers in both hot plate and cell apparatus by five ther- 
mocouples placed during filling and kept equally spaced by rubber bands in 
tension in a direction parallel to the plates. These couples were in addition to 
the thermocouples normally provided in the plate surfaces. Readings were taken 
at various times during migration and at the end of a test. 

The moisture distributions in the sawdust test samples were determined by 
direct sampling, weighing in crucibles, drying for 24 hr at 212 F and re- 
weighing. In some tests, wood tabs were placed next to the hot and cold plates 
and their moisture contents determined. A specially made pair of tongs was used 
to extract a cyclindrical core of material 114-in. in diameter and 2 in. long from 
between the plates, for determination of moisture distribution. This core was 
then separated into four samples by inserting thin metal dividing plates into 
slots cut in the jaws of the tongs at ¥4-in. intervals. These samples were then 
weighed, dried and re-weighed and the results taken to represent the average 
moisture contents at the sampling locations for each 14-in. thickness of material 
from the hot to the cold side. All moisture determinations were expressed on 
a percent by weight, dry basis. 


Tests 


Spruce sawdust was chosen as the test material because it produced a light, 
porous fill, representative of insulating materials generally, which could be 
readily divided and sampled, and then remade after sampling. A hygroscopic 
material was indicated, and equilibrium moisture data were available for wood. 

Two series of tests, designated Series A and Series B, were run in both the 
12-in. hot plate and the 7-in. cell. The sawdust in Series A tests was conditioned 
to various moisture contents up to 20 percent by exposure to a controlled atmos- 
phere. For higher moisture contents, additional water was added. The material 
used in this series was re-used in tests at successively higher moisture contents 
but was never completely dried until the completion of the wet tests. The saw- 
dust in Series B was obtained from the same source, but was conditioned by 
drying at 165 F after each test and then the required amount of water was added 
for the next test at a higher moisture content. All material was stored in a 
sealed container for about 24 hr, and was mixed by rotating the container for 
at least 3 hr, prior to use. The required weight of conditioned sawdust to 
produce the desired dry density in the test apparatus was determined, and the 
correct amount of material was filled into the sample spaces by quarters, with 
compaction after each quarter filling. Dry densities varied from 8.2 to 9.7 lb per 
cu ft, but were held constant as far as possible at 8.7 lb per cu ft in the majority 
of tests. This latter density was fairly definitely established by the minimum 
density for no settlement in the dry state and by the limiting compression which 
could be applied in packing the expanded, wet material at the highest moisture 
content, for the same dry density in both cases. 
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All tests were started from uniform conditions at room temperature and run 
to steady-state conditions at 100 F on the hot side and 60 F on the cold side. 
All samples were 2 in. thick. Hot plate tests were allowed to run to steady-state, 
when temperatures and heating current were read, and samples were taken for 
moisture distribution. In the case of the cell tests, measurements of plate tem- 
perature, temperature gradation, and heat flow were usually commenced 15 min 
after establishing the test temperatures, and continued at increasing intervals 


TABLE 1—MoisturE CONDITIONS IN PLATE TESTS 


Morsture DistrisvTion 
Dry Frnat M. C. Percent or Dry Wr 
Density PERCENT 
Ib/cu ft or Dry 
Hot 1 2 3 4 Cold 
AGS. 8.9 Top 7.8 | 54 6.8 8.3 10.9 
Bot 7.9 | 54 6.9 8.5 11.0 
AP78.......) 87 Top 7.4 | 55 6.6 7.7 9.7 
Bot 7.5 5.4 6.0 7.9 10.3 
AP24....... 8.7 Top 24.0 99 12.4 17.3 56.3 
Bot 24.7 | 10.4 12.4 17.1 59.2 
AP30....... 8.7 Top 19.2 | 74 99 | 145 | 451 
Bot 45.3 | 13.1 23.2 46.5 98.5 
ee 8.7 Top 4.7 | 3.5 41 4.9 6.4 
Bot 4.8 | 35 4.1 5.2 6.4 
BP10(a)..... 8.7 Top 9.9 46 | 62 8.0 10.0 15.4 22.8 
Bot 10.2 5.0 7.7 8.8 9.6 14.8 24.8 
BP10(6)..... 8.7 Top 10.0 4.7 6.4 7.8 10.1 15.7 24.0 
Bot 9.6 4.9 6.4 7.8 9.5 14.5 24.0 
BPI5....... 8.7 Top 12.7 5.7 7.2 9.3 12.2 22.0 98.5 
Bot 13.0 5.8 7.1 9.3 11.8 24.0 45.8 


until steady-state conditions were achieved. Samples for moisture distribution 
were then taken. 


RESULTS AND DISCUSSION 


The results obtained from Series A and Series B tests in the hot plate are 
presented in Tables 1 and 2. The results obtained at final steady-state conditions 
in the test cell are presented in Tables 3 and 4. 


The designation for each test indicates the material used, the apparatus, and- 


the conditioned moisture content. For example, in Table 1, BP10 (a) indicates 
a test made with Series B material in the hot plate. The initial moisture content 
was 10 percent. This test and the one following, which were both run at 10 per- 
cent, are designated by the letters (a) and (b). Referring further to the results 
of this same test, it will be noted that the average of the moisture contents for 
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TABLE 2—THERMAL CONDITIONS IN PLATE TESTS 


Dry Temperatures SampLe —F 
Density 
Test Ib/cu ft k 
Hot 1 2 3 4 5 Cold 
| ere 8.9 101.4 94.1 87.0 80.1 73.2 66.6 59.7 0.42 
i | ee 8.7 100.6 93.2 87.0 81.0 73.8 66.9 59.0 0.42 
8.6 0.43 
| er 8.6 AP7.4 dried in situ to 3.3% 0.43 
API2.1..... 8.2 0.44 
Sey 8.2 AP12.1 dried in situ to 3.0% 0.42 
eS 8.7 97.9 89.6 83.2 76.4 69.9 | 64.2 59.7 0.50 
ee 8.7 101.0 92.8 86.3 79.3 72.3 65.6 59.5 0.49 
8.7 0.42 
eee 8.7 100.2 91.9 86.1 80.5 74.1 | 67.9 59.7 0.44 
BP10(a).... 8.7 98.9 91.7 86.2 80.1 73.7 67.2 59.4 0.45 
BP10(d).... 8.7 99.0 _ 85.2 79.2 72.8 66.1 59.5 0.46 
> 8.7 98.6 91.8 85.9 79.5 72.4 65.8 59.5 0.47 
eee 8.7 0.44 


3—FINAL Moisture ConpDiTIONS IN CELL TEsTS 


Moisture DistrisvTion 
Dry Frnat M. C. Percent oF Dry Wr 
Test Densiry Percent 
Ib/cu ft or Dry 
Hot 1 2 3 4 Cold 
4 Te 9.5 7.7 5.7 6.9 7.8 10.5 
AC10.5..... 8.5 10.2 §.7 6.6 8.3 10.3 15.7 26.7 
AC12.9.... 8.3 11.5 6.1 7.0 9.0 11.4 17.7 30.0 
AC22.5.... 8.2 21.7 8.2 11.3 21.0 46.2 
ACOO....... 8.7 27.7 7.4 9.9 13.0 19.1 69.0 69.1 
8.7 0 
ae 8.7 5.4 4.2 4.2 5.0 5.7 6.9 8.7 
NS denne 8.7 9.8 5.5 6.5 8.4 10.3 14.2 19.3 
| eee 8.7 12.6 7.5 10.2 13.0 19.8 
BC21H..... 8.7 11.5 } 7.0 8.8 11.8 18.8 
BC30H..... 8.7 17.4 5.5 7.5 9.9 14.4 37.6 155.0 
AC20H..... 8.7 16.5 6.3 7.6 10.2 14.3 34.0 67.5 
BC20H..... 8.7 13.3 6.1 7.3 9.4 12.4 24.0 108.5 


TABLE 4—FINAL THERMAL CONDITIONS IN CELL TESTS 


Dry Temperatures THRouGcH SAMPLE —F 
Density 
Test Ib/cu ft k 
Hot 1 2 3 4 5 Cold 
[oo a 9.5 100.5 93.5 86.9 80.5 74.2 67.5 60.0 0.49 
AC10.5..... 8.5 102.0 93.3 86.6 80.7 73.6 67.5 59.7 0.45 
AC12.9..... 8.3 101.5 59.8 0.42 
AC22.5..... 8.2 101.5 92.5 85.4 79.1 71.7 65.3 60.3 0.49 
/ sae 8.7 101.4 91.9 83.9 77.4 69.8 64.1 59.7 0.56 
BOO........ 8.7 100.6 92.7 86.2 79.8 73.0 67.1 59.8 0.46 
| eee 8.7 101.7 93.9 87.3 80.6 73.7 67.6 59.7 0.46 
8.7 101.4 93.6 80.3 73.9 67.4 59.7 0.51 
BCl4...... 8.7 101.3 93.3 87.5 80.7 74.3 67.4 59.7 0.47 
BC21H..... 8.7 101.8 93.4 87.3 80.7 74.6 67.6 59.8 0.50 
BC30H..... 8.7 101.0 92.5 85.0 79.0 72.0 66.0 60.0 0.52 
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each ¥4-in. thickness at the end of the test was 9.9 percent for samples taken 
at the top and 10.2 percent for samples taken near the bottom of the plate. All 
tests, with the exception of those in Table 3, for which the designations are 
followed by the letter H, were run with the plate, or cell, vertical, so that the 
influence of gravity was normal to the direction of heat and moisture migration. 

The columns under Moisture Distribution in Tables 1 and 3 give the moisture 
contents at the hot side and at the cold side as determined by the wood tabs 
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inserted at these locations. The results in the intermediate columns headed 
1 to 4 are for the 14-in. thick samples taken in order from the hot to cold side. 
Similarly, in Tables 2 and 4, the data in the Hot and Cold columns are hot 
and cold plate temperatures respectively and in columns 1 to 5 are the tempera- 
tures at each sixth point as read by the five intermediate thermocouples inserted 
in the samples. 

There are shown plotted in Fig. 7 the results of the final moisture samplings 
compared to the predicted distributions, for tests BP 5, AC 7.8 and AC 10.5. 
It should be noted that the value plotted at the mid-point of each 14-in. thickness 
represents the average moisture content over the %4-in. sample, for direct 
comparison with the corresponding predicted value at that point as shown by 
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the curve. It does not represent necessarily the true moisture content at the 
mid-point. The agreement shown must be considered as very good in view of 
the difficulties in sampling, the difficulty of predicting from existing data the 
equilibrium moisture contents for humidities near 100 percent, and the fact that 
the hygroscopic data used were not specifically determined for the material in 
question. The measured values for the other four tests run at moisture contents 
below 11.6 percent show, when plotted, correspondingly good agreement with 
the predicted values. Discrepancies are less than 10 percent of the values in 
most cases. 


Final moisture distributions for tests at average moisture contents over 11.6 
percent are shown in Figs. 8 and 9. Again, it may be noted that the test curves 
are drawn to identify the points and do not represent true moisture distributions. 
The results for test AP 24 are shown separately in Fig. 13 (a). The amounts 
of moisture held in the material are greater than those predicted, assuming con- 
densation at the cold plate with no return of moisture toward the hot side. The 
Series A tests show definitely higher moisture contents throughout the samples 
than do the Series B tests. The values used to designate the test curves in 
Figs. 8 and 9 give the initial or conditioned moisture content as the numerator 
and the final moisture held in the material as determined by test, as the denomi- 
nator. Any discrepancy between these figures, apart from sampling error, can 
be attributed to water remaining at the cold plate and not caught in the samp- 
ling, or by water present in different amounts throughout the sample at points 
other than those at which samples were taken. 


The results of Series A tests in Table 1, for which sampling was carried out 
at both top and bottom of the vertical sample, show very little migration by 
gravity until the average moisture content exceeded 24 percent. Series B tests 
show little variation from top to bottom up to 15 percent moisture content. No 
test results for higher moisture contents in Series B material in the hot plate 
were included because of the excessive vertical migration which occurred. 
Similar results may be noted for the tests in the 7-in. cell shown in Table 3. 
A moisture content of 27.7 percent was accounted for in test AC 30 by sampling 
carried out at mid-height, while in tests BC 21 and BC 30, which were run 
with the cell horizontal, only 11.5 percent and 17.4 percent moisture, respectively, 
were accounted for in the final sampling. Tests with Series B material in the 
cell at moisture contents over 14 percent were run with two cells, in duplicate, 
with the cells in a horizontal position. No marked variations in final moisture 
distribution were found as between the cold side up and cold side down positions. 
Reversing the positions of the cells, after steady-state conditions had been estab- 
lished in one position, had no noticeable effect on the heat flow as measured 
by the heatmeter, or on the temperature gradation through the samples. 


The results indicate the possibility of a definite difference in the liquid-water 
transfer properties (which will be designated as wicking) of the materials in 
the two series. A simple wicking test made by filling material into a 1-in. diame- 
ter glass tube, 12-in. long, and immersing the lower end to a depth of 1 in. in 
water, showed ne capillary rise of any consequence in the case of either Series 
A or Series B material after completion of the test work. However, a freshly 
sawed sample of material which had not previously been subjected to drying 
or to conditioning showed a capillary rise of about 8 in. with moisture contents 
of 531, 227, and 169 percent at 34, 334, and 734-in. heights respectively, above 
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the water surface. In spite of the negative result shown by this test in differen- 
tiating between Series A and Series B materials in their final conditions, the 
marked change in wicking action, shown to have been brought about in both 
cases by the aging or handling and other treatment during the regular test 
program, supports the possibility that differences may have existed at various 
times throughout the program, as reflected in the differences in the moisture 
distributions of Figs. 8 and 9. 

The variations in heat flow during moisture migration as measured by the 
heatmeter, for Series B tests in the cell are shown in Fig. 10. It may be noted 
that the time to reach steady-state heat flow, which was less than two hours for 
dry material, was increased to about 24 hr when 11 percent moisture was pres- 
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ent, and to 110 hr for 30 percent moisture content. The rate of heat flow was 
greatest at the start of a test, presumably when the rate of migration of vapor 
was greatest. Series AC tests showed almost identical results up to 15 percent 
moisture content, but required about 10 percent longer to achieve final equili- 
brium at 21 and 30 percent moisture content. The additional heat flowing during 
the migration period as estimated from the data of Fig. 10 can be shown to 
be roughly equivalent to the latent heat required to evaporate the net amount of 
moisture moved. 


The coefficients of conductivity as determined from hot plate tests are shown 
plotted against the initial moisture contents in Fig. 11. Tests AP 3.3 and AP 3.0 
were, as noted in Table 2, run on the same samples as tests AP 7.4 and AP 12.1 
respectively, which were dried to a lower moisture content in situ, by opening 
the plate and exposing the material to dry air without otherwise disturbing the 
samples. The corresponding conductivity data for the cell tests are shown in 
Fig. 12. The coefficients of conductivity are calculated here on the basis of the 
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heatmeter calibration as provided by the manufacturer. The points are seen 
to be scattered, particularly in the region of 10 percent moisture content, but 
are not inconsistent with a curve of the same form as those drawn for the hot 
plate results. The dry densities for the Series A tests were not all controlled 
to the value of 8.7 Ib per cu ft used in Series B tests, so that some difficulty 
is introduced in interpreting the results. Another complication arises in the 
case of test AP 30, Fig. 11, where a marked vertical migration occurred, and 
in the case of Series B tests, Fig. 12, at the higher moisture contents, where 
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the final moisture determinations failed to account for the initial water con- 
tent. 

The data of Fig. 11 indicate a difference of about 5 percent in conductivity 
as between Series A and Series B material, and in both cases the coefficient 
of conductivity is shown to be substantially constant up to a moisture content 
of 7.5 percent, after which it increases. Babbitt!® has suggested that capillary 
filling begins at relative humidities above 75 percent. It is interesting to note 
that for the temperature conditions maintained in these tests, 75 percent RH 
at the cold plate is produced by an average moisture content of about 8 percent. 
These results suggest that the presence of moisture in the material has little 
effect on the overall heat transmission until the moisture content reaches the 
point where capillary filling may be expected. Examination of the final tempera- 
ture gradations as given in Tables 2 and 4 indicates a departure from linearity 
only at initial moisture contents of 20 percent or higher. 


There seems little doubt that the moisture movement during test was accom- 
lished mainly by evaporation, vapor migration and condensation. At moisture 
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contents over the minimum for saturation at the cold plate, it may be assumed 
that there was a movement of liquid from the cold plate back toward the hot 
plate. This would explain the high moisture contents of Figs. 8 and 9 which 
are in excess of the values predicted on the basis of a constant vapor pressure 
through the sample. These higher moisture contents, conversely, indicate vapor 
pressures throughout the sample higher than those existing at the cold plate. 
The measured moisture contents for test AP 24 shown in Fig. 13 (a), together 
with the appropriate temperatures, have been used in conjunction with the 
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hygroscopic data to predict the vapor pressure gradation which must have 
existed throughout the sample. The actual vapor pressures so found and as 
shown in Fig. 13 (b) are seen to decrease toward the cold side. It seems most 
likely therefore that at final steady-state conditions, a dynamic condition existed, 
with movement of liquid from the cold plate toward the hot plate, supporting a 
steady flow of vapor in the opposite direction. This liquid movement is the 
capillary re-soaking referred to by Munters, and the transorption of Joy, Queer, 
and Schreiner!!, It is almost certainly the result of capillary action, for con- 
ditions close to saturation at the cold plate. At conditions below saturation, 
with capillaries only partially filled, it may be that some movement of bound 
water can occur by spreading of sorbed layers of water molecules!” or by a 


combination of spreading and capillary movement. If so, this might account 


for a substantial portion of the increased transmission of heat shown in Fig. 11, 
beginning at a moisture content of 7.5 percent, corresponding roughly to 75 
percent saturation at the cold plate. Such a movement, below saturation, is not 
reflected, however, in the moisture distributions shown in Figs. 8 and 9, or 
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by any marked deviations from linearity in the measured temperature gradations. 

It has been contended that it is impossible to have capillary movement in the 
direction of increasing vapor pressure, since the vapor pressure over liquid 
surfaces in capillaries must decrease in the direction of lower moisture contents. 
This argument, however, is based on the assumption of isothermal conditions. 
Reference to theory will indicate that the effect of the curvature of the liquid 
surface in a capillary is to lower the vapor pressure below that corresponding to 
saturation conditions over a flat water surface at the same temperature. The 
curve of saturated vapor pressure corresponding to the temperature gradation 
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of Fig. 13 (a) is shown in Fig. 13 (b). It will be seen that the difference 
between the saturation vapor pressure and the actual vapor pressure increases 
toward the hot plate; a capillary movement toward the hot plate is not there- 
fore incompatible with a vapor movement in the opposite direction, at least so 
far as vapor pressures are concerned. 

Direct measurement of the vapor pressures at the hot and cold sides would 
establish more definitely the migration mechanisms involved. Attempts to do 
this, using humidity-sensitive elements in small connecting cells, have so far 
been unsuccessful, and such measurements are extremely difficult to make with 
sufficient accuracy. 

A further analysis of the results of test AP 24 is shown in Table 5. Overall 
heat flow was 9.8 Btu per (sq ft) (hr) at 39 deg temperature difference. The 
coefficient of conductivity k for dry material was found to be 0.42. The tem- 
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perature difference across each 14-in. thickness from the hot side to the cold 
side as found by direct measurement is listed in the first column. Assuming 
that the conductivity for the wood fibers is the same as that measured for a 
dry sample, the heat transmitted through the fibers in each 44-in. segment can 
then be found. The difference between this value and the overall transmission 
of 9.8 Btu represents the increased heat flow resulting from other mechanisms 
due to the presence of moisture. This is shown to increase as the cold side 
of the sample is approached. The apparent coefficients of conductivity for each 
segment are also shown. 

The practice of expressing heat flow through moist materials of the type 
studied, in terms of an apparent coefficient of conductivity related only to mois- 
ture content, must seriously be questioned. Values of k for moist materials 
will be generally useful only if it can be shown that transmission of heat result- 
ing from the presence of moisture is largely dependent on concentration and 
on temperature gradient, and is substantially independent of concentration gradi- 


TABLE 5—ANALYSIS OF HEAT FLow 1N Test AP 24 


APPARENT 
DIST FROM At H, Dry 9.8—H CONDUCTIVITY 
Hor Sipe, IN. F DEG Btu/(sq ft) (hr) Btu/(sq ft) (hr) k 
o—% 11.3 9.5 0.3 0.43 
%y—1 10.5 8.8 1.0 0.47 
1—1% 9.9 8.3 1.5 0.50 
14— 7.8 6.6 3.2 0.63 


H = heat transfer through dry fibers, Btu per (sq ft) (hr). 
9.8 = total heat transfer through sample, Btu per (sq ft) (hr). 


ent. Reconsideration of the effect shown by the data of Fig. 10 indicates that 
this is unlikely to be the case, and that it may be necessary to consider the 
flow of moisture, inter-related with the heat flow, for each individual case. 

A number of tests have been reported in which testing was carried out as 
quickly as possible in order to minimize the redistribution of moisture. Refer- 
ence again to Fig. 10 indicates that while this practice minimizes the redistri- 
bution occurring before the end of the test it may also provide a value of heat 
flow rate which is greatly increased as a result of the higher rate of moisture 
flow occurring at this stage of the migration. 


CONCLUSIONS 


Tests were carried out on one material only—spruce sawdust. It is generally 
accepted, however, that the hygroscopic properties, and other properties, relating 
to the effects of moisture, which are not specifically determined by the physical 
form of the material, are similar for all cellulosic materials. In view of this, 
it seems reasonable to apply certain of the results found for sawdust to natural- 
fiber products generally. In particular, there seems to be no reason to doubt 
the applicability to all hygroscopic materials of the method of predicting equili- 
brium distributions in hot plate testing at moisture contents below those pro- 
ducing saturation. The increased heat flow resulting from the flow of moisture 
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may also be expected in all vapor-permeable materials. The effects of moisture 
on heat transmission may however be expected to vary widely for different 
materials, depending upon their wicking action and their permeabilities to vapor 
and to liquid, as well as on the moisture-content gradient. 

While directed specifically toward a study of moisture from the point of 
view of hot plate testing, this investigation has provided evidence of certain 
phases of the action of moisture under temperature gradient. 

Conclusions which may be applied to the testing of moist hygroscopic materials 
in a hot plate are as follows: 


1. Redistribution of moisture in a hygroscopic test sample commences as soon as 
a temperature difference is established across the sample. 

2. Steady-state, heat flow conditions cannot exist in the sample until the migration of 
moisture has also reached a steady state, since the heat and moisture flows are 
inter-related. 

3. The time required for redistribution of moisture in a sample increases with 
increasing sample moisture content. 

4. The heat flow through the sample during the period of moisture migration is 
higher than that at final steady-state conditions; apparent conductivities measured 
while moisture is migrating will therefore be higher than those measured at steady- 
state conditions, by an amount dependent on the rate of moisture movement. 

5. Moisture distribution at steady-state conditions in a hot plate test may be predicted 
on the basis of constant vapor pressure and known hygroscopic properties of the 
material, for moisture contents below those producing saturation at the cold plate. 

6. Prediction of moisture distributions where saturation conditions exist is difficult 
and depends upon the wicking action, which may vary widely. Excess moisture from 
the saturation zone may migrate by gravity, or it may be fully retained by the material 
and moved toward the hot side. In this latter case, a dynamic equilibrium between 
vapor flow toward the cold plate and liquid flow toward the warm side may exist and 
the conduction of heat thereby increased. 

The following conclusions may be drawn with specific reference to the material 
tested : 

7. Conductivity is only very slightly affected by moisture contents below those which 
produce saturation. 

8. The wicking action and therefore the tendency to transfer liquid in a test can be 
changed markedly by the processing of the material. 

Further conclusions as follows would appear to be justified: 

9. Measurements in the guarded hot plate should normally be made on material 
initially dry and maintained so throughout the test. 

10. Failure to dry the material under test thoroughly or to maintain a dry atmosphere 
around the usual open plate will probably not change the results materially from those 
obtained under dry conditions provided that the moisture contents which result are 
substantially below those producing saturation at any point, and provided that the test 
is run until steady-state moisture conditions are achieved. 

11. Values of conductivity obtained by testing moist materials in a hot plate may be 
of limited value when used in the usual heat flow equations for prediction of heat 
transmission. 
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DISCUSSION 


L. V. TEESDALE,* Madison, Wis. (WritTEN): This paper corroborates the work of 
many others who have done work in this field of investigation covering various 
materials. It emphasizes the importance of recognizing the effect that any moisture 
present in test material may have on the results obtained by the hot-plate method 
of test. 

Such information is of direct value to those working with a hot plate and is of 
indirect value also to the engineer who is using insulation to prevent condensation in 
a wall or roof. Since this paper explains how moisture migrates and collects on the 
cold side of the unit, it explains the movement of moisture that may take place in a 
construction unit. In one case. the moisture is limited to that present in the test 
material at the time it is enclosed in the hot plate, but, in the other case, moisture 
in the atmosphere on the warm side enters the construction unit and is not so limited, 
unless there is a vapor barrier on the warm side. 


C. F. Kayan, New York, N. Y.: I note that the authors of this very commendable 
paper alluded to a difference in behavior with a vertical sample vs. a horizontal sample. 
I wonder just what the results of the difference in positions were with respect to 
thermal conductivity. The authors merely referred to a difference. 


* Engineer, Forest Products Laboratory 
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Autuors’ CLosure (N. B. Hutcheon): With regard to Professor Kayan’s question, 
it was evident in testing at the higher moisture contents with the cells vertical that 
water was moving rather freely in a vertical plane by gravity. We limited the tests 
in the hot plate to lower moisture contents since we felt that this vertical water 
migration might seriously affect the balancing of the plate and produce erroneous 
results. 

In attempting to assess the possible effect of water movement by gravity, we did 
run duplicate cells, horizontally, one with the hot side up and one with the cold side 
up. After steady state had been achieved, the cells were inverted and changes in the 
heat flow rates as measured by the heat flow meters were noted. To our surprise no 
reliable changes in heat flow could be detected, despite the fact that the meters were 
usually quite sensitive to disturbances in conditions. 

There is one further comment which may be of special interest to those concerned 
with control of vapor flow in practice. Referring to Fig. 13 of the paper, design to 
avoid condensation under the conditions shown would normally involve limiting the 
vapor pressure on the warm side to 0.52 in. Hg, which is the saturation pressure for 
the cold side temperature. Vapor barriers would be considered necessary if higher 
vapor pressures were to be carried. We see, however, that because of the wicking 
action returning liquid from the cold side the warm side vapor pressure appears to be 
maintained at nearly 1 in. Hg. Even with the vapor pressure maintained at this level, 
there is no continuing accumulation of liquid at the cold side, but a limiting steady 
state moisture distribution is maintained. It is somewhat ridiculous to suggest that 
the high moisture contents necessary to maintain this condition can be tolerated in a 
material such as sawdust. It is not impossible, however, that materials having high 
capillary wicking can be found which would maintain similar vapor pressure gradients 
at acceptable moisture contents. These might be used without vapor barriers at high 
warm side vapor pressures and with no continuing accumulation of condensation at 
the cold side. However, such an arrangement might be expected to break down at 
temperatures below the freezing point when the condensation is in the form of ice 
and return of liquid is not possible. 

It appears that in Europe certain insulating light weight concretes are presently 
being used successfully for roof slabs without vapor barriers on the warm side. It is 
reported that, presumably as a result of the high capillary wicking, no serious 
accumulation of moisture occurs in the material even at temperatures on the cold 
side below 32 F. These possibilities merit further study. 
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COOLING LOAD FROM SUNLIT GLASS 
By C. O. Mackey* anv N. R. Gay**, ITHaca, N.Y. 


- HAS BEEN recognized for some time that radiant energy does not become 
a cooling load on air conditioning equipment of conventional design until 
absorbed by some surface and transferred by convection to air. This process is 
usually accompanied by a storage of energy; the heat transfer relationships 
become very complex and the variables are so many that there is little hope that 
cooling loads will ever be calculated with extreme precision. Much more infor- 
mation is needed at this time on the relationship between the peak cooling load 
and the maximum instantaneous rate of heat gain which is causing the load. 


The relation between cooling load and the instantaneous rate of heat gain from 
sunlit glass is given preliminary study in this paper. The energy that reaches 
the interior of a structure through glass is made up of four parts: (1) trans- 
mitted direct solar radiation; (2) transmitted sky or diffuse radiation; (3) 
energy radiated from the room surface of the glass to surrounding surfaces 
within the enclosure; (4) heat transferred from the room surface of the glass to 
indoor air by convection. Only the last part, which is commonly a small portion 
of the total, is an immediate cooling load. Solar and sky radiation directly 
transmitted by a window will usually fall on a floor. The energy may be (1) 
conducted away from the floor surface with accompanying heat storage and 
changing temperature of the floor material, (2) convected from floor surface 
to indoor air, and (3) radiated from the floor surface to other room surfaces 
that see the floor. Energy that is radiated from the room surface of the glass 
is incident upon floor, ceiling, walls, and other room surfaces. These materials 
act, in turn, somewhat like the floor, and there is a transfer of heat by convection 
from these surfaces to the indoor air. 

The problem solved in this paper has been set up with many simplifying 
assumptions, primarily for the purpose of making possible a precise mathematical 
solution. A fluid analogue and a pump with periodic, variable delivery were 
constructed to solve the same problem. Results obtained on the analogue may 
then be compared with results of the mathematical analysis. In this way, the 
performance of the analogue may be checked, and the analogue, if satisfactory, 
may then be changed to solve problems that are too complex for reasonable 
mathematical solution. 


* Professor of Heat-Power Engineering, Cornell University. Member of A.S.H.V.E. 

** Associate Professor of Heat-Power Engineering, Cornell University. Member of A.S.H.V.E. 

Presented at the Semi-Annual Meeting of THe American Society or HEeatiING AND VENTILATING 
Enorneers, Spring Lake, N. J., June 1952. 
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MATHEMATICAL STATEMENT AND SOLUTION OF PROBLEM 


Assume that solar and sky radiations directly transmitted by glass fall 
uniformly on a floor surface. The rate at which radiation is incident upon the 
floor surface is J Btu per (hr) (sq ft), which is equal to the rate at which the 
energy is transmitted per square foot of glass divided by the ratio of the area 
of the floor to the area of the glass, or 


In general, J will be expressed by a Fourier series as a function of time @ or 
I = In + I, cos (150 — a) + I, cos (300 -—m) + ...... (2) 


Assume that the thickness of the floor is L ft, that the thermal conductivity of 
the homogeneous floor material is k Btu per (hr) (sq ft) (F deg per ft) and 
that the thermal diffusivity of the floor is a sq ft per hr. The remote surface of 
the floor is assumed to be adiabatic, and conduction of heat is assumed to be 
in one direction (perpendicular to the floor surface). The floor surface convec- 
tion coefficient of heat transfer is hy, Btu per (hr) (sq ft) (F deg). Completely 
surrounding the floor is assumed to be an enclosure with no storage capacity 
and with a remote adiabatic surface. The ratio of the area of the enclosure to 
the area of the floor is r, and the enclosure surface coefficient of heat transfer seed 
natural convection is 4, Btu per (hr) (sq ft) (F deg). 

It is assumed that the temperature of the air in the enclosure is held constant 
at t,. There is no way for energy to escape from the enclosure, so that in a 
complete cycle of 24 hr duration, the quantity of energy that enters through the 


NOMENCLATURE 


= area of floor, square feet. 
= thermal diffusivity of the floor, square feet per hour. 
= specific heat of the floor, Btu per (pound) (Fahrenheit degree). 
= coefficient of heat transfer by natural convection from enclosure surface, 
Btu per (hour) (square foot) (Fahrenheit degree temperature difference 
between enclosure and air). 
hy = coefficient of heat transfer by convection from floor, Btu per (hour) 
(square foot) (Fahrenheit degree difference between floor surface and air). 
h, = rate of transfer of energy by radiation from floor to enclosure, Btu per 
(hour) (square foot) (Fahrenheit degree temperature difference between 
floor and enclosure surface). 
I = rate of incident radiation upon floor surface, Btu per (hour) (square foot). 
I, = rate of transmission of solar and sky radiation by glass, Btu per (hour) 
(square foot of glass). 
k = conductivity of homogeneous floor, Btu per (hour) (square foot) (Fahren- 
heit difference per foot). 
thickness of floor, feet. 
term number in the Fourier series (1 for fundamental, 2 for second har- 
monic, etc.). 


ahs 


p = ratio of floor area to glass area. 

q = cooling load, Btu per hour. 

r = ratio of enclosure area to floor area. 

t, = temperature of air in enclosure, Fahrenheit. 
te = temperature of enclosure surface, Fahrenheit. 
ty, = temperature of floor surface, Fahrenheit. 

6 = lag angle, degrees. 


6 = time after noon, hours. 
% = decrement factor. 
e = density of the floor, pounds per cubic foot. 
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glass must be transferred to the air. It is required, however, to find the instan- 
taneous rate at each hour that heat is transferred from the floor and enclosure 
surfaces to the room air; this is the cooling load. Incidental to this solution, 
the uniform temperature of the room surface of the floor and the uniform 
temperature of the room surface of the enclosure are found as a function of time. 

It is assumed that the rate of transfer of energy by radiation from the floor to 
enclosure is h, Btu per (hr) (sq ft) for each degree of temperature difference 
between floor surface at t;, and enclosure surface at ¢,. At the adiabatic surface 
of the floor, x= 0, and at the room surface of the floor, r= L. The energy 
balance on the room surface of the floor is 


xX Jx=L 
The energy balance on the enclosing surface is 
he — &) + — (4) 
For the unsteady state conduction of heat in one direction through the floor 
slab, at/a0 = a (0%/ax*), forO<x<L (5) 


The last equation is subject to one boundary equation given in Equation 3 and 
to Equation 6. 


The solution for the temperature of the room surface of the floor as a function 
of time is 


Antn 


where 

7 the 

Va = (fn Cos cosh onl + gasin onl sinh opL) + (fn? + gn?) . . . . (11) 
Wa = (gn cos cosh — fnsin onl sinh + (fn? + gn?) . . . . (12) 
fn = cos cosh — (kon/F) (sin cosh onL — cos sinh opZ) . (13) 
gn = sin opL sinh opL + (kon/F) (sin cnL cosh opL + cos cpl sinh cpl) . (14) 


0.13097 
(15) 


After t, and t, are found, the cooling load, in Btu per hour for each square 
foot of floor is 


It should be carefully noted that this is a solution of a problem of heat flow in 
the periodic state. The solar and sky radiation transmitted by the glass is 
assumed to be the same at a given hour day after day. In this respect, the 
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problem differs from transient state problems previously solved on the fluid 
analogue, where, with the starting conditions known, a load was suddenly applied 
and temperatures and cooling loads were found as a function of time after the 
first occurrence of the load. 

A solution of the problem will be given for a particular case. In this example, 
the thickness of the floor is L = 0.5 ft; the floor is assumed to be made of cinder 
concrete with k=0.41 Btu per (hr) (sq ft) (F deg per ft), and a= 0.02 
(sq ft) (hr). 

The rate at which solar and sky radiation transmitted by glass is incident 
on the floor is given in Fig. 1. These data are for south glass on August™1 in 
a north latitude of 40 deg and for a ratio of floor area to glass area of 6. The 
Fourier series fitted to this curve is 


IT = 3.83 + 6.33 cos 156 + 3.58 cos 3060 + 1.42 cos 450... . . (17) 


Fic. 2. Tue Firuip ANALOGUE 


d & 
a* 
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where 


= hours after noon, sun time. 


Note that the lag angle, a, has disappeared from this particular series because 
the curve is symmetrical about noon. 

The ratio of area of enclosure to floor has been taken as r= 3.55; also 
hy = 0.7, h,=1, and h,= 0.4. Incidental to the solution, the following results 
were found: 


F = 1.287; 21 = 0.476; 2: = 28.5°; Ae = 0.396; G2 = 27.8°; 23 = 0.356; 23 = 29.4° 
The solution for ty is 


ty = t, + 2.97 + 2.341 cos — 28. + 1.102 cos -- + 
0.3928 cos (456 — 29.4) . ; . (18) 


For example, at noon, 6=0, and the instantaneous difference between the 
temperature of the room surface of the floor and the room air is t, —t, = 6.35 F. 

From Equation 4, the instantaneous difference between the temperature of the 
room surface of the enclosure and the room air is 


te — tg = 2.63 F 
The instantaneous cooling load per square foot of floor is 
q/A = 0.7 (6.35) + 0.4 (3.55) (2.63) = 8.2 Btu per hr. 
The instantaneous rate at which radiant energy is being transmitted through 
the window glass is 94/6 or 15.7 Btu per (hr) (sq ft of floor). Consequently, 


the instantaneous cooling load in this one example is 52 percent of the 
instantaneous rate of gain of radiant energy. 


THE FLurip ANALOGUE 


Through the generous assistance of Charles S. Leopold, a fluid analogue 
incorporating the principles described by Mr. Leopold in a previous paper,* was 
set up at Cornell University to solve the same problem for which the precise 
mathematical solution has been given. The scales used in the analogue were 
1 in. change in level of the liquid to represent 1 F deg change in temperature 
and a time interval of 1 min to represent a time interval of 1 hr in the prototype. 
The floor was assumed to be of cinder concrete and was divided into slabs of 
1 in. thickness; any floor thickness up to 10 in. in increments of 1 in. could be 
studied. The analogue is shown in Fig. 2. Details of the construction of the 
analogue will not be given in this paper. In building the analogue, the area of 
cross section of each storage tube must be chosen in relation to the scales to 
represent the heat storage capacity of a thickness of 1 in. of cinder concrete with 
an area of 1 sq ft. The resistances to fluid flow between storage tubes provided 
by the copper tubing must simulate the thermal resistance of 1 in. of cinder 
concrete. The resistances to fluid flow between the floor surface and the air tube 
and between the enclosure surface and the air tube must simulate the resistance 
to convection of heat between the corresponding surfaces, while the resistance 
to fluid flow between the floor surface and the enclosure surface must simulate 
the resistance to transfer of radiant energy between these surfaces. The flow of 


* Hydraulic oe ¢! for the Solution of Problems of a Storage, Radiation, Convection and 
Conduction, by C. 8. Leopold. (A.S.H.V.E. Transactions, Vol. 54, 1948, p. ). 
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the liquid must be laminar at all times. Silicone oil was used in the Cornell 
analogue for many reasons, but principally because the change of kinematic 
viscosity of this oil with temperature change is small; a change in kinematic 
viscosity from calibration conditions requires a change in some of the scales. 

Many interesting problems were encountered in the construction and use of 
the analogue. A positive displacement pump was built to reproduce the variable 
and periodic transmission of radiant energy through south glass. A flow of 
8 cc per min was used to represent heat transfer at the rate of 1 Btu per (hr) 
(sq ft of floor); the pump with its south glass cam was then designed to 
reproduce the delivery cycle shown in Fig. 1 every 24 min. In other words, 
between shortly after 7 p.m. and shortly before 5 a.m., there was no delivery 
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from the pump; during the daylight hours, the pump delivery increased to a 
peak of 125 cc per min at noon and then decreased. By changing cams on this 
pump, any combination of orientation, latitude, and solar declination may be 
reproduced. 

In representing periodic heat flow by a fluid analogue, the correct starting 
levels of the liquid in the several tubes are, of course, unknown. In each test, 
the level of the liquid in all the tubes was the same at the beginning; enough 
cycles were then run to insure that the effect of the incorrect starting condition 
was removed. In other words, enough cycles were run so that, at a particular 
time, the liquid level in each tube was the same in the last cycle as in the 
preceding cycle. Another check on the attainment of correct conditions is in 
the total collection of liquid in 24 min; with no net storage effect in 24 min, 
the total quantity of liquid collected in one cycle must be the same as the total 
delivery of the pump in one cycle; in the example, this total delivery was 735 cc. 

The performance of the analogue is shown in Figs. 3 and 4 by comparison with 
the results calculated from the mathematical theory. The mathematical results 
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are shown by lines, while the analogue results are plotted as points. Results are 
presented for two thicknesses of the floor: 2 in. and 6 in. Based upon an 
assumed constant indoor air temperature of 75 F, the temperatures of the floor 
surface and enclosure surface are shown in Fig. 3, while the cooling loads are 
shown in Fig. 4. Clearly, the analogue gave results that are in close agreement 
with the precise mathematical solution, and the fluid analogue must be considered 
an effective tool for solving some of the more complex problems. 


DISCUSSION OF RESULTS 


For the south glass, the cinder concrete floor, and the other arbitrary 
assumptions of the example, the surface of the 2-in. floor reaches a peak 
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temperature that is 8.7 F deg higher than the constant temperature of the air, 
while the surface of the 6-in. floor attains a peak temperature only 6.6 deg 
higher than the air temperature. The lag in time between the time of maximum 
incident radiation and the maximum temperature on the floor surface is between 
1.0 and 1.5 hr. The maximum cooling load for the 2-in. floor is 11.2 Btu per 
(hr) (sq ft of floor), and for the 6-in. floor this peak load is 8.5 Btu per (hr) 
(sq ft). The ratio of this peak cooling load to the maximum instantaneous rate 
of heat gain is 0.72 for the 2-in. floor and 0.54 for the 6-in. floor. 

For west glass in the same latitude, the peak cooling load with a 6-in. floor 
was found to be 17.6 Btu per (hr) (sq ft of floor), which is 55 percent of the 
maximum instantaneous rate of heat gain. The ratio of cooling load to heat 
gain is not materially affected by the orientation of the glass. 

Based upon calculated results, the ratio of the peak cooling load to the 
maximum instantaneous rate of heat gain is shown plotted in Fig. 5 against 
the energy storage capacity of the floor per square foot of sunlit glass, expressed 
in Btu per F deg rise in temperature of the floor material. For example, the 
volumetric specific heat of cinder concrete is 20.5 Btu per (cu ft) (F deg) ; with 
6 sq ft of floor per sq ft of glass and a floor thickness of 6 in., the energy storage 
capacity per sq ft of glass is 20.5 (6) (0.5) or 61.5 Btu per F deg rise in 
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temperature of the concrete. This storage capacity is the principal variable that 
affects the ratio of cooling load to heat gain. It is thought that this curve might 
be characteristic of other similar problems with storage effects. It should be 
noted that the ratio of peak cooling load to peak heat gain is not decreased in 
proportion to the amount of material in which energy may. be stored. This is 
primarily because heat is entering a surface of the material and may then be 
transferred from that same surface to the air without passing through the 
material. In this respect, storage of radiant energy that passes through sunlit 
glass differs from storage in a sunlit wall or roof of a structure; heat then enters 
the weather side of the material and must pass through the material (with some 
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storage) before it is transferred to the air from inside surfaces. A continuous 
increase in the thickness of a wall or roof causes a continuous increase in time 
lag and a continuous decrease in the ratio of cooling load to heat gain. Increasing 
the thickness of the floor from 6 in. to 10 in. in the case solved in this paper, for 
example, does not further decrease the cooling load or increase the time lag. 

In this connection, there is a simpler mathematical solution of the case 
previously solved for large values of o,L; when o,l>2.5, sinh o,L is approxi- 
mately the same as cosh o,L; then, for values of L greater than 6.9 (a/n)*, 
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The decrement factors and lag angles are shown in Fig. 6 for this case. For 
example, if the thickness of a cinder concrete floor is greater than 6.9 (0.02)% 
or 0.975 ft (11.7 in.), values of the fundamental decrement factor A, and funda- 
mental lag angle 8, may be read from this chart; in this case, 

kecn/F? = 0.41 (20.5)/(1.287)? = 0.508, %1 = 0.78 and = 11.6 deg 
also, if the thickness of a cinder concrete floor is greater than 8.3 in., the second 
harmonic decrement factor A, and lag angle B, may be found from Fig. 6; then, 
(kecn/F*) = 1.016, 42 = 0.71 and @2 = 15 deg 


One problem much more quickly solved on the analogue than by mathematical 
methods is any case where the temperature of the room air is not assumed to 
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be constant. In one run on the analogue for the 6-in. floor, there was assumed 
to be no cooling from 6 p.m. to 6 a.m., while the indoor air temperature was 
assumed to be constant at 75 F during the remainder of the day. A maximum 
cooling load of 10.7 Btu per (hr) (sq ft of floor) was then found shortly after 
noon; this load is 68 percent of the maximum instantaneous rate of heat gain, a 
figure which may be compared with the 54 percent realized when the indoor 
air temperature was assumed to be held at 75 F at all times. In this same case, 
the indoor air reached a maximum temperature of 80.7 F just before the cooling 
began at 6 a.m. 

Another case solved on the analogue for the 6-in. floor was the effect of night 
setback of indoor air temperature and the consequent precooling upon the 
maximum cooling load on the following day. In this case, the indoor air 
temperature was assumed to be held constant at 75 F between 6 a.m. and 6 p.m., 
while the thermostat was set for 69 F during the evening (a night setback of 
6 deg). In this case, the maximum cooling load was 6.8 Btu per (hr) (sq ft of 
floor) at 1 p.m.; this peak cooling load is 43 percent of the maximum instantan- 
eous rate of heat gain, a result which may be compared with 54 percent for the 
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constant indoor air temperature of 75 F all day or with the 68 percent found 
when there was no cooling during the evening. 

It is proposed to use the fluid analogue to continue the study of the relation 
between cooling loads and instantaneous rates of heat gain. The simple problem 
presented here has permitted a determination of the accuracy of the analogue 
by comparison with a precisely known result. The assumptions that the only 
cooling load resulted from sunlit glass and that the only storage capacity was in 
the floor, although useful simplifications, are obviously not real. A much more 
complex problem involves simultaneous periodic heat flow through a roof, 
variously oriented walls, and sunlit glass with capacity for energy storage in 
roof, walls, floors and even furnishings. By building other additional pumps, 
storage tubes, and resistance loops, such problems may be set up on the analogue. 
The precise mathematical solution involves the simultaneous solution of partial 
differential equations of the second order for roof, walls, and floors and most 
engineers would wish to avoid having to make such a solution. 

The analogue also makes readily possible the investigation of results obtained 
by using shading devices to decrease cooling loads. 


DISCUSSION 


C. M. Asutey, Syracuse, N. Y.: The paper presented is an excellent beginning on 
a subject which all of us, I believe, recognize as being one of tremendous importance 
on which very little work has so far been done. 

I believe that the ultimate competence to solve the problem by this approach will 
depend upon our ability to go into the further complexities which must be evaluated 
in order to be able to produce results which are of use to the practicing engineer. 

Included in some of those complexities are (1) the variation in the amount of 
radiation received by the different parts of the different surfaces of the rooms, (2) 
the effect of the furnishings of the room which have relatively low heat storage and 
which may absorb radiation passing from one wall to another or radiation coming 
directly from the outside, (3) the effect of the absorption of radiation in the air itself, 
which can be appreciable with high humidities or relatively high absolute humidities. 

A collateral problem is that of getting better data with respect to the convective 
conductances than we now have. I believe that at the present time our values for 
convective conductances are not accurate and we need additional experimental work 
in order to evaluate these more correctly. 

I should be particularly interested to get the views of the authors as to how far 
they feel they can go with the approach used in this analogue in solving the more 
complex problems which must be solved before the practicing engineer can use the 
results with a high degree of confidence. 


AutHors’ Crosure (N. R. Gay): I would like to thank Mr. Ashley for his com- 
ments. Certainly, the authors realize that some of the assumptions we made are 
unsubstantiated and we are sort of feeling our way in this thing, but I do think that 
the problems involved with furnishings, shading devices and so on, all lend themselves 
to solution by this method. It would be necessary, of course, to construct additional 
storage tubes, resistance loops, pumps, etc., to solve such additional considerations. 

As far as the film coefficients of heat transfer are concerned, we agree that would 
have to be the object of a separate study. 
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A STUDY OF A TRANSIENT HEAT METHOD 
FOR MEASURING THERMAL CONDUCTIVITY 


By D. D’Eustacuio* anp R. E. SCHREINER**, Port ALLEGANY, PA. 


 gradnge ACTURERS and users of insulation have for a long time needed a 
fast method for measuring thermal conductivity, a method which would 
have the precision of the Guarded Hot Plate Method (4.S.T.M. C 177) while 
avoiding most of its problems. Steady state methods are not too promising for 
this purpose since attainment of satisfactory equilibrium for accurate measure- 
ment is necessarily time consuming in a poor conductor. In addition, all the 
steady state procedures need careful instrumentation and adjustment to insure 
proper balance between the guard and test areas, and this means large and 
expensive installations requiring considerable skill to maintain and operate. 


In comparison to steady state methods, transient heat methods have always 
appeared attractive. Of the many modifications suggested, only one seems to be 
promising as a possible substitute for the guarded hot plate. This method utilizes 
a line heat source. Suggested as early as 1888,) it was not until 1948 that the 
method was used successfully to obtain accurate thermal conductivity measure- 
ments by van der Held and van Drumen?. They measured the thermal conduc- 
tivity of a number of liquids. An electrically heated wire was used as the line 
source, and a thermocouple was attached to the wire, for measuring temperature. 
They pointed out the many difficulties of trying to use the change in resistance 
of the wire for measuring the change in temperature and concluded that 
thermocouples were more satisfactory. Reproducibility was reported to be 2 
percent. In a number of cases results were compared with those obtained by 
others with more conventional methods. In all cases the agreement was excellent. 


* Physicist, Pittsburgh Corning Corp. 

** Technician, Pittsburgh Corning Corp. 

1 Exponent numerals refer to References. 

Presented at the Semi-Annual Meeting of THe American Society oF HEATING AND VENTILATING 
Enorneers, Spring Lake, N. J., June 1952. 
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Major contributions of van der Held and van Drumen were a careful examina- 
tion of the error produced by the finite diameter of the source and the devising 
of a method of applying a suitable correction. They also studied the effect of a 
finite wire length. 

In 1950 Hooper and Lepper® described a modification of the experiment in 
which the line heat source was constructed from an aluminum tube 3/16-in. in 
diameter and approximately 19 in. long. The heater was a constantan wire 
stretched through the center of the tube. They developed the instrument, which 
they called a thermal conductivity probe, especially to measure the conductivity 
of moist soils. Reproducibility of 4 percent was claimed and it was stated that 
the instrument would measure with equal precision the conductivity of wet or 
dry materials. 

The theory of the transient heat flow method, using a line source, for measur- 
ing thermal conductivity is developed in detail in Carslaw and Jaeger*, and 
Ingersoll, Zobel and Ingersoll.5 These authors show that the temperature at any 
point in an infinite mass of material heated by a line source will be 


(1) 
where 
Q = heat input per unit length per unit time. 
k = thermal conductivity. 
r = distance from heat source. 
a = thermal diffusivity. 
t = duration of heating. 
I(x) = an integral whose value for x <0.2. 
1 x* 
=/ 
x= 
2Vact 
From this it follows immediately that 
/oge(—*) 
47 


where 6, is the temperature at time ¢t; and @, is the temperature at a later time fp. 
It is interesting to compare Equation 2 with the more familiar expression for 
thermal conductivity of a cylinder under steady state conditions. The comparison 
makes the physical measuring of the test method immediately apparent. The 
striking thing about this expression for the thermal conductivity is that it is 
independent of the thermal diffusivity of the material. This, of course, is only 
true when the experimental parameters are properly chosen. Furthermore, all 
the quantities required in Equation 2 can be easily measured with adequate 
precision with relatively simple equipment. 

Any practical instrument will have a finite diameter. It is also desirable to 
make the device as short as possible. This means that, in general, two corrections 
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must be applied: one for the diameter of the probe and one for end losses. As 
previously stated van der Held and van Drumen investigated both these 
problems. They have shown that the presence of the instrument in the insulation 
is equivalent to heat production before the start of measured time, that is, an 
interval, ¢,, must be subtracted from both ¢, and ty to obtain applicable time 
intervals. They described a graphical method for obtaining this correction. 
The authors’ experience indicates that correct instrument design will probably 
make such a correction unnecessary for any but the most exacting work. 


A comparison of a probe technique for measuring thermal conductivity with 
the more usual guarded hot plate method brings out some interesting points. The 
probe type of instrument is simple and much less costly, requires relatively little 
auxiliary equipment, and the actual measuring procedure is easy. The testing 
is done on a fairly small portion of the insulation. This means that accurate 
results can only be obtained with homogeneous materials. In the instrument 
described in this paper differences of only a few degrees are required. Thus, 
is is possible to explore accurately the relationship between temperature and 
thermal conductivity. Finally, the small size of the instrument and the need for 
a rather small piece of material to be tested means that the instrument can be 
readily adapted for measurements under extreme conditions. For example, a 
piece of insulating material, with a probe inserted in it, can easily be placed in 
a container of liquid air for determination of thermal conductivity at —300 F. 
The experiment is hardly more difficult than a routine measurement at room 
temperature and there is no reason for expecting any decrease in precision of 
the result. In contrast, the difficulties of any accurate steady state measurement 
of thermal conductivity at this low mean temperature are almost insurmountable. 

The probe described in this paper is insulated with plastics that can be used 
over a rather limited temperature range. However, an instrument can be easily 
constructed, using ceramic materials for insulation, so that it can be used both 
at higher and lower temperatures than is possible with organic insulation. 


DESCRIPTION OF THE PROBE 


The basic criterion used in the design of the new instrument was that the 
temperature change in the material whose conductivity was being measured 
should be as small as possible. A number of experimental models were built 
following the general construction used by Hooper and Lepper. It soon became 
clear that significant reduction in diameter was necessary if smaller temperature 
changes were to be used, and that changes in design were needed to attain the 
required reduction in size. It was necessary to keep the electrical resistance of 
the heater high and at the same time make the overall length of the heater short. 
This was accomplished by using a bifilar spiral wound of 2 mil constantan wire 
for the heating element. The clearance between the stainless steel housing and 
the spiral was made as small as possible. Care was taken to insure uniform 
spacing in the winding. Thermocouples, connected in series, were placed inside 
the coil. 

The actual steps in the construction of the probe were as follows: First, the 
bifilar coil was wound on a small diameter aluminum tube. A polyamide filament 
was used as a spacer. After completing the winding the spacer was removed and 
the coil was bound together with a thermosetting plastic. Then, the aluminum 
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tube was removed by dissolving it with dilute acid. Next, insulated 1 mil copper 
constantan thermocouples were placed inside the coil. The heater and thermo- 
couple assembly was then placed inside the stainless steel housing and was 
vacuum impregnated with a coldsetting plastic. Finally, a plastic knob was cast 
at one end to act as support for the leads. The general design is shown 
schematically in Fig. 1. Fig. 2 is a micro-photograph of a portion of the 
instrument with part of the housing cut away to expose the heater coil. 

The need for accurate measurement of a small temperature change as a 
function of time precluded the use of a manually operated potentiometer. Instead, 
a simple recording system was used. It consisted of a high-sensitivity galvan- 
ometer having a period of 1.3 sec and means for recording galvanometer 
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Fic. 1. ScHEMATIC DIAGRAM OF PROBE CONSTRUCTION 


Small outline drawing shows relative proportions of instrument 


deflections directly on photographic paper mounted on a rotating drum. The 
optical arrangement was fairly conventional and very similar to that described 
by Strong.* The photographic paper used had a specially treated base to prevent 
dimensional change during processing. With this arrangement it was possible 
to measure temperature changes of 0.01 F deg. The attainable precision was 
established by the thermocouple calibration and not by the recorder system. Fig. 
3 is a photograph of the recorder and galvanometer setup. The probe thermo- 
couples were calibrated in place after completion of any one instrument, using 
a Beckman thermometer as a standard. To reduce Thompson effect to a mini- 
mum, it was found desirable not to use an ice bath for the thermocouple refer- 
ence junction. Instead, the reference junction was placed in a half-pint Dewar 
flask filled with water and supported inside of a larger covered Dewar flask. 
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Fic. 2. MuIcro-PHOTOGRAPH OF Por- 
TION OF PROBE 


A part of metal housing has been filed away 
to show construction and placement of heater 


The double-flask arrangement was placed inside the same constant temperature 
box in which the samples were stored for conditioning prior to measurement. 
The drift of the reference junction was found to be less than 0.01 F deg per 
hour when the water in the small flask was 1 deg colder than the ambient. 
During test runs the ambient temperature was held to within 0.1 F deg of the 
reference junction. As a result, the drift of this junction was probably less 
than 0.001 F deg per hour and is certainly negligible. 

The electrical connections for the entire apparatus are shown schematically 
in Fig. 4. A lead storage cell made a convenient power source. With it, power 
was easily maintained constant to better than 0.2 percent. 

All samples were stored in a well insulated cabinet for 6 to 8 hr before any 
measurements were made on them, thus insuring a constant temperature through- 
out any specimen. The temperature of the cabinet was held constant within less 
than 0.1 F deg by means of a mercury thermostat. 

A typical time-temperature record is shown in Fig. 5. The recorder was 
started some time before power was applied to the probe. This served not only 
to establish a base line, but also to check the sample for temperature drift. 


Fic. 3. TEMPERATURE RECORDER 


Galvanometer is on left and drum recorder with associated optics on right. Note special mount 
to prevent external vibration from affecting recorder. The precision reported is obtainable with so 
simple a recorder only if the mounting is such that external vibrations are suppressed sufficiently to 
permit recording a trace less than 0.002 in. wide. Synchronous motor used to drive drum is easily 
changed so that a wide variety of chart speeds is available 
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POTENTIOMETER 


VARIABLE 

SWITCH RESISTOR 

A 
v v 

STANDARD 
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> 

BATTERY PROBE 


RECORDER 
GALVANOMETER 


DEWAR JACKETED 
REFERENCE JUNCTION 


Fic. 4. ScHeEMATIC DIAGRAM OF ELECTRICAL CONNECTIONS FOR PROBE 
AND RECORDER 


RESULTS 


Table 1 gives a number of the results obtained with the instrument. It is 
particularly interesting to observe that an air space between the probe and the 
insulation equal to 50 percent of the diameter of the instrument does not seem 
to affect the results obtained when the power input is sufficiently low. This is in 
agreement with theoretical expectations for a small-diameter probe. No attempt 
has been made to apply a zero correction to any of these tests. 

Fig. 6 shows the temperature distribution along one of the probes as a function 
of time. From these data the heat flow along the metal tube can be calculated at 
the end of any desired time interval. For example, at the end of 10 min, the 
heat flow along the tube, in the central portion, is less than 0.1 percent of the 


TABLE 1—CoMPARISON OF RESULTS FROM ProBE GUARDED Hot PLATE VALUE 


Conpvucriviry k 
at 100 F : 
Test SPECIMEN Temp Rise Warts/Fr % 
Dea | VARIATION 
Probe 
19 Cellular Glass®.... 0.20 0.433 0.431 +0.4 
22 Ceilular Glass®... . 13 0.19 | 0.419 —2.6 
25 Silica Gel...........] 2.6 0.02 | 6.180 | 0,172 +4.7 
75 Cellular Glass“... . .| 1.8 0.03 | 0408 | 0,410 —0.5 
73 Cellular Glass®..... . | 3.6 0.06 | 0.414 | +0.9 
74 Cellular Glass?......) 5.4 008 0407 | 
76" Cellular Glass*..... .| 2.0 0.03 | O412 | O410 | +405 
77° Cellular Glass“ 4.1 0.06 | 0.416 +1.6 
78> Cellular Glass?..... . | 6.1 | 0.08 | 0.434 |  +6.0 
a Guarded Hot Plate c Older Type 


b 50 Percent diametral clearance around probe d New Type 
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heat input. The average axial heat flow during the measuring interval is less 
than this. Hence, it might be concluded that the end losses of the instrument are 
negligible. This, however, is not strictly so, since the front of the heat wave 
begins to depart from a cylinder at relatively small distances from the probe. 
This difficulty has been circumvented by limiting the power input and the total 
time of observation to a minimum. These expedients may, however, interfere 
seriously with the precision of the measurements under certain circumstances. 


TEMP ——> 


TIME 


Fic. 5. Typicat TiME vs. TEMPERATURE TRACE PRODUCED BY 
RECORDER 


Base line, obtained by running recorder before applying power to probe, also 
serves to indicate that temperature of specimen has been properly stabilized. 
This reproduction is made from a drawing. The line width of the original trace 
on the chart is about 1/10 of that shown on the figure 


To overcome this condition an instrument is being designed to be still smaller 
in diameter and to have a lower heat capacity. 


SUMMARY AND FuTURE DEVELOPMENT 


The work described has shown that a small thermal conductivity probe can 
give results equal in reproducibility to the best obtainable with the guarded hot 
plate. However, the authors are not confident that the probe in its present form 
can be used for absolute measurements because there is no simple way of 
evaluating the effect of the non-radial heat flow. As suggested, the problem can 
be solved by reducing the diameter and heat capacity and possibly increasing 
the length. The major problem in building such a probe is to obtain sufficient 
strength and durability to make the device practical as a test instrument. There 
are indications that a glass fiber sleeve, impregnated with a suitable plastic, can 
be substituted for the metal housing without appreciable loss in strength. Such 
an instrument will have about 14 of the axial conduction of the metal sheath 
probe and less than 1% of its heat capacity per unit length. It is not difficult to 
decrease its diameter to less than 0.020 in. With these changes it will be feasible 
to use lower power inputs, lower temperature gradients in the insulation, and 
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shorter time periods, without sacrificing precision. With these modifications the 
departure of the performance from the theoretical ideal should be so small that 
it can easily be calibrated on an absolute basis. Fig. 7 shows the calculated 
temperature gradient in the insulation as a function of time. The curve is based 
on the present instrument with a power input of 0.05 watts per ft. This is the 
minimum input the authors have found it possible to use and still obtain a 
precision better than 1 percent. However, with the changes in probe design 
suggested, the power requirement for 1 percent accuracy will be of the order of 
0.01 watts per ft, and consequently the temperature gradients will be approx- 
imately 1/5 of those shown in Fig. 7, so that 10 sec after applying the power 
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Fic. 6. TEMPERATURE DISTRIBUTION Fic. 7. CALCULATED TEMPERATURE 

ALONG AXIS OF PROBE AS A FUNCTION (GRADIENT IN INSULATION AT PROBE 

oF Time For 0.011 Watts Power Surrace aS A FUNCTION OF TIME 
INPUT 

Axial heat flow determined from these data indi- 


cates departure from theoretically ideal perform- 
ance 


there will be no temperature gradients exceeding a few degrees per inch in any 
part of the insulation where measurements are being made. During any time 
when the gradients are higher than this the material under test will be not more 
than a few tenths of a degree above its original temperature. Under these 
conditions the authors believe that it will become possible to obtain very 
interesting results on the effect of moisture on the thermal conductivity of 
insulants. 
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DISCUSSION 


F. C. Hooper ann E, A. Attcut, Toronto, Ont., Can. (WritTtEN): The careful 
work reported in this paper is an interesting and valuable contribution to the literature 
on the thermal conductivity probe type of instrument which is now coming into use 
in field and laboratory applications. 

The line of development taken is somewhat different from that which we have 
followed at Toronto since publication of our 1950 paper. Our further work is now 
in process of publication. The basic criterion of D’Eustachio and Schreiner, that the 
temperature rise in the material under test should be as sn.all as possible, has led 
directly to the development of the very small probe described, and to the conclusion 
that a still smaller probe is desirable. This dictation of the physical size of the 
instrument would severely limit its field of application, and the premise should be 
carefully examined. Moreover, construction of the small probe requires considerable 
skill and careful workmanship, and the correspondingly small significant time interval 
demands sensitive laboratory temperature measurement instrumentation. The use of 
this probe in field and factory applications, where to date probes have found their 
widest application, would be inhibited. 

Physically small probes are necessary in some special applications, such as in liquids 
where convection is a critical factor, and we have ourselves built several at Toronto, 
but there appears to be no direct inference that, of itself, small size offers higher 
absolute accuracy. 

Limiting the temperature rise will, of course, limit the effect of the temperature 
coefficient of thermal conductivity, but this factor is demonstrably negligible for 
temperature rises of less than about 25 F at the probe wall. If this factor be omitted, 
then the accuracy of conductivity determination appears to be quite independent of the 
absolute probe dimensions. Moreover, larger physical sizes of probes have correspond- 
ingly larger and more easily measured times, temperatures and heat inputs. 

Errors due to longitudinal conduction, non-radial heat flow, thermal capacity and 
probe non-homogeneity all appear to be functions of dimension ratios, such as length 
to diameter, and specific heat of specimen to specific heat of probe material. Thus 
providing that times, temperature rises and heat inputs have been altered in suitable 
ratio to size, and conservatively assuming that the percentage accuracy of measurement 
of the larger quantities is only as good as that for the smaller quantities, it appears 
that the magnitude of these errors is independent of the dimension scale. We suggest 
that the need for correction for the above mentioned errors did not become apparent 
in this investigation because of the difficulties in making small differentiations in the 
already very small absolute values measured in the experiments reported. 

We do not understand the significance of the discussion in the last paragraph of 
temperature gradients in the insulation at the probe surface. With the ideal line 
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source the gradient at the line will always be infinite, and if for some reason it was 
desired to decrease this gradient, then increasing the diameter, not decreasing it, would 
most directly accomplish this. 


The remarkable absence of significant effects due to poor contact between the probe 
and boundary material reported coincides with our own experience, as does the close 
agreement between hot plate and probe determinations. 


F. A. Joy, State College, Pa. (Written): The transient method of conductivity 
measurement is as logical as it is convenient and the authors have made notable 
progress toward their idealized goal—the vanishing point of probe dimensions. In their 
commendable desire for a measurement that is absolute, they are concerned about: (1) 
the heat capacity of the probe; (2) heat flow along the probe and, (3) non-radial heat 
flow in the material tested. These effects will be reduced in the modifications proposed, 
but their elimination is suggested in other possible approaches. 

Would it be feasible to include a cooling phase in the technique, providing both 
temperature rise and subsequent fall with 62 —6, thus eliminating heat storage in the 
probe? Is it feasible to guard the middle portion of the probe against end toss by 
providing more heat at its ends, that is, by increasing the heating element resistance 
at these points? Would this arrangement provide some correction to non-radial flow? 

These questions are easier perhaps than their answers. If not already fully 
considered, they may contribute to the further progress of this most promising 
development, in which the authors are to be commended for their outstanding work. 


N. B. Hutcueon, Saskatoon, Sask., Can. (WriTTEN): The authors are to be highly 
commended for the refinement achieved in the design and construction of a probe of 
such small diameter. They have also succeeded in obtaining remarkable correlation 
of results for cellular glass with those of the hot plate. 

I would like to ask if they have tried out the probe on fibrous materials in batt, 
blanket or board form in which the fibers are oriented in planes parallel to the surface. 
It has been shown that the conductivity parallel to flax and mineral wool fibers is 
twice that measured in a direction at right angles. In a hot plate test of batts, blankets 
or boards of fibrous material the flow of heat takes place normal to the plane of the 
sample as it usually does in use. The flow of heat from a line heat source placed in 
such material is radially outward from the source, and will not be presented with 
the same average fiber orientation in its path. It is to be expected that heat flow from 
a probe thrust at right angles through a batt will encounter fibers preferentially oriented 
in the radial direction and that a higher value of the conductivity will be found. On 
this basis it would appear that the use of the probe to obtain absolute results may be 
restricted to materials possessing equal conductivity in all directions. 

The authors suggest that because of the small temperature rise and short testing 
time, the probe will be useful in studying the effect of moisture on thermal conductivity. 
The results reported in our paper,* indicate that in many insulating materials a sub- 
stantial proportion of heat may be transferred as latent heat in the migrating vapor. 
It is not obvious that reducing either the temperature rise or time of testing will 
eliminate this effect. The results obtained from moist insulating materials which are 
also vapor-permeable may be specific to the conditions of test and therefore limited 
in usefulness. It should be very interesting to explore this possibilty with the probe. 


R. B. Crepps,** Newark, Ohio (WritTtEN): The work reported by the authors in 
developing the heated probe method for determining thermal conductivity is indeed 
interesting and opens up fields for exploration for thermal measurement at considerably 


PE Migration in a Closed Guarded Hot Plate, by N. B. Hutcheon and J. A. Paxton 
see p. 301). 
** Director, Testing Division, Owens-Corning Fiberglass Corp. 
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lower cost than possible by standardized equipment. Particularly is this so for the 
extremely low mean temperatures. 

The authors have used materials in their evaluation which have isotropic properties 
and, therefore, the heat flow from the probe is approximately uniform in all directions. 
Many insulating materials, particularly of fibrous nature, do not have the isotropic 
properties and some may have as much as twice the heat flow in one direction as they 
have at 90 deg therefrom. In other words, the orientation of fibers within batts, or 
boards, plays a very important part in the correlation of probe vs. hot plate evaluation. 
This situation would be particularly enhanced when probe measurements would be 
attempted on thin fibrous materials of low unit weight. 


G. B. Braptey, Manville, N. J.: The authors have used a great deal of mechanical 
and electrical ingenuity in improving this promising probe method of measuring 
thermal conductivity. 

It seems to me that one of the uses to which it might well be put is the obtaining 
of conductivity data quickly enough to make it useful for statistical analysis or for 
statistical design of experiments where the ordinary guarded hot plate test just takes 
so long that you can’t accumulate the data in sufficient time. 

There is one question I would like to ask Dr. D’Eustachio regarding the use of 
Equation 2. It requires that a time, f1, and a corresponding temperature, 61 be selected, 
and another time, tg and a corresponding temperature, 62. There are several restric- 
tions on those times. Apparently, they have to be short enough so that the heat flow 
has not departed very greatly from radial; and it would seem from the time-tempera- 
ture curve given in the paper that the results might be very different, depending on 
the two times chosen. 

I would like to ask how the authors decide on what times to choose; in other words, 
what part of that time-temperature curve to use. 


AutHors’ CLosurE (D. D’Eustachio): We agree with Professor Allcut’s and Mr. 
Hooper’s comments that the small probe using a few degree temperature rise is more 
difficult to construct and requires more careful instrumentation than the larger 
instrument that Mr. Hooper described earlier and that this may make it less suitable 
for field use. However, in designing this small probe we had in mind an equivalent for 
the guarded hot plate which would, in addition, permit measurements that are exceed- 
ingly difficult with the guarded hot plate. For example, the measurement of thermal 
conductivity at —300 F mean temperature is quite a formidable undertaking with the 
guarded hot plate. With a small probe, on the other hand, it is a relatively simple 
problem. All that is needed, in addition to the probe and its auxiliary equipment, is 
a two liter Dewar flask and a few liters of liquid nitrogen. The small size and the 
small temperature rise require a sample only a few inches in diameter and 8 or 9 in. 
long which can easily be fitted in a Dewar flask. As another example, you will recall 
Professor Rowley’s work on the effect of placing insulating materials in a vacuum. 
We have repeated some of his measurements using the small probe. The equipment 
barely occupies a few square feet on a laboratory table and the ease of operating it, 
in comparison to a guarded hot plate is quite a revelation. 

With a 2 to 3 deg temperature rise, measurement of temperature to one hundredth 
of a degree is adequate for most purposes. This accuracy is not difficult to obtain with 
copper-constantan thermocouples and a sensitive galvanometer. For greater precision 
an amplifier is available commercially with which it should be possible to measure 
temperature differences to a thousandth of a degree. The total cost of such instru- 
mentation is still less than that required for standard guarded hot plate. 

It is true that errors due to longitudinal conduction, non-radial heat flow, thermal 
capacity, and probe non-homogeneity are functions of dimension ratios and can, to 
some extent, be estimated theoretically. We believe, however, that the best criterion 
of adequate design is internal consistency of the results and agreement with guarded 
hot plate measurements. Both these criteria indicate that the uncorrected measure- 
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ments from the small probe are probably correct to better than 1 percent. It is also 
possible to experimentally measure the departure of the thermal field of the probe from 
that produced by a line source approximated by a long fine wire, say one 0.002 in. 
diameter by 18 in. long. In experiments of this kind, it has been found that the 
departure from true radial flow around the probe is less than 1 percent. 

We did not mean in our discussion in the paper to imply that decreasing the diameter 
will decrease the gradient temperature at the surface of the probe. What we intended 
to say was that for any practical probe of finite diameter the temperature gradient at 
the surface is a function of heat input to the probe and duration of the heating period. 
A practical way of obtaining smaller temperature gradients is to decrease the heat 
capacity of the instrument, thus decreasing the heat input for a given temperature rise, 
and this can be done by substituting a glass fiber sheath for the stainless steel housing 
of the present design. 

Professor Joy’s suggestion of using a cooling phase in the technique so as to 
eliminate probe heat storage is something about which we have not thought. Offhand, 
it would appear to be extremely difficult to accomplish when one keeps in mind the 
small size of the instrument. The use of guards to prevent end losses has much appeal 
to us and we have actually tried it, but have found no practical way of balancing heat 
flow to the guard accurately enough to improve the situation. It would appear that 
the guarding needed is a function of time as well as of the probe dimensions. 

Dr. Crepps and Dr. Hutcheon raise the question of the behavior of the probe in 
fibrous materials which do not have isotropic heat flow properties. We have made a 
few measurements on such materials and believe that the problem can be handled by 
taking two readings—one with the probe axis perpendicular to the fibers and another 
with the probe axis parallel to the fibers or, in the case of materials that have fibers 
oriented at random in a plane, with the probe axis parallel to this plane. Preliminary 
measurements indicate that these data will be sufficient to completely solve the problem 
and we are expecting to report on this phase of the work in the near future. 

Dr. Hutcheon has very accurately stated the problem involved for measuring thermal 
conductivity of moist insulating materials. It is also not obvious to us that this 
problem can be solved by reducing the temperature rise and time of testing, but again 
preliminary experiments have indicated that this might be a fruitful line of approach 
and we are planning to explore it. 

Further work has shown that when probes are used to measure the thermal con- 
ductivity of wet materials the resulting moisture migration increases the apparent 
diameter of the probe. We have also found that this effect decreases as the power input 
to the probe is decreased. With the probes that we are currently using (8 in. long and 
.020 in. in diameter), it appears that the power input can be reduced sufficiently, while 
still producing a useful temperature rise at the probe, to make it practicable to separate 
true thermal conduction in wet materials from heat transfer caused by the heat of 
vaporization of migrating water. Direct experimental evidence on this point is now 
being accumulated and will be published in the near future. 

The question raised by Dr. Bradley about the choice of time is best answered by 
examining Equation 2. It will be noted that the logarithm of the heating time is a 
linear function of the temperature rise with Q/4 as the proportionality factor. When 
an experimental set of data is plotted on semi-log paper, the graph generally has a 
small amount of curvature at the beginning of the heating interval and again develops 
curvature after a finite heating time. The proper time interval is that over which the 
plotted data follow a straight line. Experience indicates, that for the instrument 
described in this paper, an appropriate time interval is one in which ft; equals one 
minute and fg equals ten minutes. 
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No. 1458 


OUTLET TURBULENCE INTENSITY AS A 
FACTOR IN ISOTHERMAL-JET FLOW 


By H. B. Notrace*, J. G. Stasyt, anp W. P. Gojszat, CLEVELAND, OHIO 


This paper is the result of research carried on by THE AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS at its Re- 
search Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio. 


O PRIOR data have existed concerning the effect of a change in outlet 

turbulence intensity, all other factors remaining unchanged, upon the 
velocity field of an isothermal ventilation jet. An exploratory investigation of 
this point has been recommended by the Technical Advisory Committee on Air 
Distribution.t 


The results reported here have been obtained as part of the long-range 
research program on room air distribution at the A.S.H.V.E. Research 
Laboratory.!:2-3.4.5 


The motion of room air at any instant of time and at any position within the 
confining space, is governed by the forces acting at that position. These forces, 
in turn, depend upon the local turbulence conditions? as well as upon the nature 
of the time-mean motion. 


Turbulence mechanisms within a moving fluid are very important influences in 
the rate of dissipation of the available mechanical energy of flow. An important 
question in practical ventilation work is how this dissipation rate may be related 
to turbulence intensity at the outlet into a room. Evidence on this point is 
obtainable from a comparison of jet velocity fields. Thus, the present investiga- 
tion, while merely an introduction to a very broad topic, has important 
fundamental connotations. 


* Research Associate, A.S.H.V.E. Research Laboratory. Member of A.S.H.V.E. 

t Research Engineer, A.S.H.V.E. Research Laboratory. 

t Personnel of TAC on Air Distribution: G. B. Priester, chairman, H. F. Brinen, R. M. Conner, 
8. H. Downs, Linn Helander, F. B. Holgate, W. O. Huebner, W. W. Kennedy, R. D. Madison, G. E. 
McElroy, L. G. Miller, H. C. Pierce, C. H. Randolph, T. H. Troller, R. D. Tutt, G. L. Tuve. 

1 Exponent numerals refer to References. 

Presented at the Semi-Annual Meeting of Tue American Society oF HeatiNG AND VENTILATING 
Enaineers, Spring Lake, N. J., June 1952. 
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Scope 


A previous paper® has described the general experimental installation from 
which the present data were obtained. 
The exploratory intent was served by the following steps: 


1. Development of a device to obtain a quantitative measure of turbulence intensity. 

2. Development of means of altering the outlet turbulence intensity with no signifi- 
cant change in the mean-velocity distribution at a given flow rate. 

3. Obtaining the variation of maximum jet velocity with distance from the outlet 
for the different outlet conditions imposed. This limitation to maximum velocity alone 
was adopted to minimize the experimental time and detail, fully recognizing that only 
a partial answer would be obtained thereby. 


Test conditions were limited to isothermal flow. Jets from only two mean 
outlet velocities were studied, namely, 350 and 2500 fpm. Outlet conditions, 
however, were investigated over the range of 100 to 6000 fpm mean outlet 
velocity. 

Three outlet conditions were included, comprising: (1) a free open outlet, 
(2) the special turbulence promoter added to the outlet, and (3) the intake 
of the outlet nozzle covered with a piece of ordinary woven-wire window screen. 

The outlet was the same as previously employed 3, namely, a 6-in. A.S.M.E. 
standard long-radius nozzle. 


TURBULENCE INDICATOR 


Construction Features: Aerodynamic research has evolved experimental tech- 
niques in hot-wire anemometry® which enable local turbulence conditions to be 
thoroughly examined. These methods however are rather elaborate for practical 
studies in air distribution. The heat-diffusion turbulence indicator of Schubauer? 
accordingly was selected as a more simple means of quantitative measurement. 

Fig. 1 shows the indicator in the form employed. A 40-gage constantan alloy 
wire is supported on needle points along the vertical axis of rotation. This wire 
is set perpendicular to the fluid velocity and heated electrically. Setting the wire 
vertically minimizes the distortion of its heated wake by buoyant forces. A 
40-gage thermocouple is mounted parallel to this wire at a distance downstream 
which can be varied to suit operating conditions. Rotation of the U-shaped 
member traverses the thermocouple across the wake of the wire. The cold 
junction of the traversing thermocouple is intended to sense the temperature of 
the undisturbed stream and is placed within a small wire cage as an aid to 
thermal stability. Angular positions along a wake traverse are determined with 
a precision protractor, carefully centered on the axis. 

Galvanometer: To minimize buoyant action on the heated wake, temperature 
increases had to be as low as could be conveniently handled. The electromotive 
force (emf) from the traversing thermocouple was placed directly across the 
terminals of a reflecting mirror galvanometer. This galvanometer was fitted 
with a special coil and a special suspension such that it yielded a sensitivity of 
0.06 microvolts per millimeter of scale deflection for a scale distance of 9.8 ft. 
With this sensitivity and a scale length of two meters, the greatest wake 
temperature increase across any traverse was less than 5.0 deg Fahrenheit. 

Galvanometer damping was a critical factor, because the fluctuations partic- 
ularly inherent in jet flow made it otherwise very difficult to obtain time-mean 
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data. Following a series of attempts, a satisfactory damping arrangement was 
devised which comprised the following: 


1. A small arm, in the form of a fine non-magnetic wire, attached to the suspension 
just above the coil and bent downward at its outer end. 

2. A small trough (of non-magnetic material) in the form of a circular arc, which 
was filled with a viscous liquid and attached to the magnet pole pieces in a position 
such that the end of the small arm moved in the trough with rotation of the coil. 

3. Adjustable damping, obtainable by varying the viscosity of the liquid and the 
depth of immersion for the moving arm. 


NOMENCLATURE 
Cp = unit heat capacity of the fluid at constant pressure, Btu per (pound) 
(Fahrenheit degree). 
D. = outlet diameter = 0.5 feet. 
k = thermal ccnductivity of the fluid, Btu per (square foot) (hour) (Fahren- 
heit degree per foot). 
U = mean velocity of the fluid, feet per hour in Equation 3, otherwise feet 
per minute. 
x = distance from outlet along jet axis, feet. 
x’ = distance between heated wire and the traversing thermocouple, for 
Equation 3, feet. 
% = angular interval in the wake traverse between the points of 0.5 tem- 
perature-difference ratio, for Equation 2, angular degrees. 
a, = angular degrees, defined by Equation 2. 
% = angular degrees, defined by Equation 3. 
¢ = fluid density, pounds per cubic foot. 
Qo = standard air density of 0.075 lb per cu ft. 


The entire circuit containing the thermocouple and the galvanometer was 
calibrated in place by imposing a known emf. This calibration showed galvan- 
ometer displacement to be proportional to the impressed thermocouple emf 
over the range of the data to be taken. 

Use of the Indicator: The indicator is intended for use in a region of uniform 
velocity and temperature and in isotropic turbulence.?:7 Jet turbulence generally 
is non-isotropic,® but the use of the indicator is suggested to obtain reproducible 
data which at least will be representative of the true order of magnitude.® 

Procedure in the use of the indicator was as follows: 


1. Velocity, temperature, and density of the air were established for the position 
chosen. 

2. The assembly was positioned to set the heated wire in the desired location, and 
the heating current and the traversing thermocouple position were adjusted interde- 
pendently to bring the maximum deflection of the galvanometer light spot conveniently 
on the scale. 

3. The galvanometer zero position was taken, using care to insure reproducibility. 

4. Data were recorded of galvanometer deflection vs. angular position of the travers- 
ing thermocouple across the wake. 

Even with strong damping, the light spot did not maintain a fixed position. A 
satisfactory procedure for obtaining the time-mean position was to have the operator 
take repeated instantaneous readings of lightspot position at a convenient timed interval 
and to record these readings directly on the keyboard of an adding machine. Experience 
showed that a good time-mean average reading could be obtained from 50 to 100 of 
such entries, depending upon the experimental conditions. 
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5. Deflection data were plotted as the ratio (deflection) + (maximum deflection) 
vs. angular position of the thermocouple. 


The linear calibration of the galvanometer scale, plus the linearity of the thermo- 
couple emf per unit of temperature difference over the range involved, meant that this 
ratio represented the corresponding temperature-difference ratio. These plottings gave 
the bell-shaped error-function curve. The angular interval between the positions on the 
two sides of this curve where the temperature-ratio ordinate had the magnitude 0.5 was 
measured for use in computing the turbulence intensity. 


6. Turbulence intensities were calculated from Schubauer’s formula (Equation 1). 
By definition, intensity is the ratio of the root-mean-square fluctuating velocity 


to the time-mean velocity. 
From the data, 


‘ at 
Intensity (1) 
at = a — a angulardegrees.......... (2) 
= 190.8 angular degrees ....... (8) 
eUcpx’ 
where 
U = mean stream velocity, feet per hour. 
k = thermal conductivity of the fluid, Btu per (hour) (square foot) (Fahren- 
heit degree per foot). 
Cp = unit heat capacity of the fluid at constant pressure, Btu per (pound) 
(Fahrenheit degree). 
e = fluid density, pounds per cubic foot. 
x’ = distance between the heated wire and the traversing thermocouple, feet. 
« = angular interval in the wake traverse between the points of 0.5 tempera- 


ture-ditference ratio, angular degrees. 


The present studies involved use of the indicator only in the immediate vicinity 
of the jet outlet. The particular design employed however would be unsuited to 
use in regions of strongly billowing and surging flow, where the dimensions of 
the device would be too small relative to the size of the eddies and billows 
encountered. 


TURBULENCE PROMOTER 


Exploratory development testing was required to establish a means of changing 
the outlet turbulence intensity without altering the velocity distribution at a 
given total flow rate. Devices fitting over the nozzle discharge face were ruled 
out after an exploration of grids, because the velocity profile was significantly 
changed by such arrangements. 


Comparisons were made for various devices located at the nozzle intake. A 
description of these devices follows : 


1. Disc-and-doughnut baffles. These produced insufficient increase in outlet turbulence 
intensity. 


2. Single and multiple grids, various percentages of open area. These produced 
insufficient increase in outlet turbulence intensity when placed over the nozzle intake. 
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3. Rotating chopper followed by a flow straightener. These produced a badly 
distorted outlet velocity distribution. 

4. Small air jets, shooting radially inward across the nozzle intake. These were 
promising but difficult to adjust to produce no disturbance of outlet velocity distribution. 

5. Combination of two grids with radially-inward air jets behind them. This was 
the best of the arrangements tested. Details are shown in Fig. 2. The radial-jet air 
supply was taken from a small compressor whose intake was connected to the metered 
ventilation-jet air supply. 


OutTLet TURBULENCE-INTENSITY DATA 


Fig. 3 shows the variation of outlet turbulence intensity with mean outlet 
velocity for three conditions, namely: (1) free open outlet (unmodified nozzle) ; 
(2) turbulence promoter in use; and (3) ordinary window screen stretched over 
the nozzle inlet. 

The results for the free open outlet show that turbulence intensity may be a 
hidden variable in comparative jet behavior over a range of outlet velocities. 
The previously reported data on isothermal jets* are a case to the point. 

The relatively constant magnitudes shown in Fig. 3 for the screen and the 
turbulence promoter are interesting in contrast to the open outlet. This is 
believed to tie in with the turbulence in the open outlet being highly susceptible 
to influences upstream in the flow system, while the turbulence from the other 
arrangements was predominantly of local origin at the nozzle. 

A still greater turbulence intensity presumably could have been produced from 
the turbulence promoter with further development testing; but the results 
attained were sufficient for initial exploratory purposes. 

In the fundamental sense, intensity alone is an incomplete description of a 
state of turbulence. The companion characteristic is the scale of the turbulence?, 
which is a measure of the mean size of the turbulence eddies. Data on scale, 
however, were beyond the present exploratory interest. 


EFFEcT OF OuTLET TURBULENCE INTENSITY Upon Maximum Jet VELOCITY 


Jet velocity-field explorations were limited to establishing the relation between 
maximum velocity and distance from the outlet. These maximum-velocity 
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comparisons were carried out at only two mean outlet velocities, namely 350 and 
2500 fpm. 

At 2500 fpm the change of turbulence intensity within the limits of Fig. 3 
produced no appreciable change in the maximum-velocity variation. 

At 350 fpm a significant effect was found, as shown in Fig. 4. This shows 
that outlet turbulence intensity is an important variable for ventilation jets 
in the range of relatively low outlet velocities. From the previous paper® on 
isothermal jets, a guess may be made that this factor is appreciable at outlet 
velocities of roughly 1000 fpm and below. 

From Fig. 4 it may be inferred that outlet turbulence intensity exerts its 
significant influence within a rather short distance from the outlet. The down- 
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ward-sloping portion of the curves is characteristic of free turbulent jet flow, 
and the parallel trends indicate that the respective turbulence mechanisms act 
in the same relative manner. 

Limited aerodynamic data’ show that there is a sharp rise in turbulence 
intensity along a jet axis within a very short distance from the outlet; and this 
then is followed by an extensive region where the turbulence intensity changes 
but slightly. This supports the deduction that outlet turbulence changes become 
submerged in the strong free-turbulence behavior which dominates jet flow 
after a relatively short initial distance. 

The demonstration that outlet turbulence intensity may be a ne 
variable at the lower velocities raises the practical question of outlet design. 
All other things being unchanged, an increase in outlet turbulence intensity will 
decrease the throw of a ventilation jet. Such an increase also would tend to 
raise the noise level. 
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Various outlet grilles generally would introduce changes in both velocity 
distribution and turbulence intensity. The effect of velocity distribution, all other 
variables remaining unchanged, has not been investigated in the present studies. 
The expectation however would be for any influence to be felt predominantly in 
the relatively short region between the outlet and the position where strong 
free-jet characteristics dominate the flow. Practical research is needed in this 
connection. The case of outlet swirl is an important instance. 

Presumably a change in outlet turbulence intensity would also influence the 
position of the jet boundaries.* This, however, has been beyond the present scope. 
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Fic. 4. Errect of OuTLeT TuRBULENCE CONDITIONS Upon AXIAL VELOCITY 
FOR AN ISOTHERMAL Jet AT 350 FpM MEAN OuTLET VELOCITY 


The temperature field of a non-isothermal jet would be expected to change in 
the same general manner as the velocity field with changes in outlet turbulence 
intensity. This is an interesting problem for further research. 

The limited exploratory scope of the present results must be emphasized. An 
un-touched aspect is the role of turbulence when a ventilation jet sweeps a room 
surface where convective heat transfer is significant. Considerations of this 
sort remain for the future in the long-range A.S.H.V.E. research program. 


CONCLUSIONS 


1. The Schubauer type of heat-diffusion turbulence indicator, together with a 
specially damped galvanometer, has proved to be a simple and useful means of 
quantitatively exploring outlet turbulence intensity under ventilation conditions. 

2. Outlet turbulence intensity is a significant factor in ventilation-jet velocity fields 
for velocities below roughly 1000 fpm. 
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3. The present exploratory results have indicated the practical desirability of 
continued research on the quantitative role of turbulence in room air distribution and, 
by further implication, also in convective heat transfer at room surfaces swept by 
ventilation streams. 
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DISCUSSION 


S. F. Gmman, Urbana, Ill. (Written): This is an interesting investigation of 
outlet turbulence intensity using a Schubauer type of turbulence indicator. The paper 
states that the companion characteristic for describing a state of turbulence is the scale 
of turbulence, but that data on scale were beyond the exploratory interest at the time. 
However, on the basis of test results with his turbulence indicator, Schubauer reasoned 
that his indicator did not differentiate between different scales of turbulence. This 
subject was to be investigated by the Bureau of Standards, but I have seen no further 
report. If the Schubauer indicator does not differentiate between different scales of 
turbulence, the question arises as to whether the test results presented in Fig. 4 also 
include an undetermined effect of scale. 

It is interesting to note that single and multiple grids of various percentages of open 
area when located at the nozzle entrance produced an insufficient increase in outlet 
turbulence intensity, and were therefore not used. This seems significant, since such 
grids are to some degree representative of conventional sidewall registers. The 
possibility exists that the flow from all common types of registers has about the same 
intensity of turbulence and also that it is of relatively small magnitude. An opinion 
from the authors on this subject would be appreciated. 

The statement that, all other things being equal, an increase in turbulence intensity 
will decrease the throw of a jet is in agreement with what would be expected. 
However, the spacing between the three curves of Fig. 4 is different from what I 
would expect with turbulence intensity as the only variable. Referring to Fig. 3 at 
2500 fpm outlet velocity, the nozzle and the screen have about the same intensity and 
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the promoter about twice as much. In Fig. 4, the nozzle and screen yield almost 
identical curves and the promoter curve is displaced to the left by about 25 percent. 
The general spacing of the Fig. 4 curves is what would be expected at 2500 fpm 
outlet velocity ; however, Fig. 4 is actually based on 350 fpm outlet velocity. 


Looking again at Fig. 3, at an outlet velocity of 350 fpm, the intensity is about 4.3 
percent with the screen, 7.6 percent with the nozzle, and 9.2 percent with the promoter. 
I would therefore expect that in Fig. 4, the screen curve would be displaced to the right 
of the nozzle curve by much more than it is. Fig. 4 indicates that a change in 
turbulence intensity from 4.3 to 7.6 percent has negligible effect on the jet axial 
velocity ; whereas a change from 7.6 to 9.2 percent has a great effect. 


In this connection, I offer the following comments for the consideration of the 
authors: In our air distribution work at the University of Illinois, we have been 
using a heated thermocouple anemometer of about the same size as that developed 
recently by Mr. Nottage at the A.S.H.V.E. Laboratory. This instrument was 
developed by A. E. Hershey and R. B. Engdahl some ten years ago, but the details 
have not been published. In 1950, we recalibrated these anemometers under what we 
considered were conditions of very low turbulence intensity. The question then arose 
as to whether the calibration would hold at a higher intensity. It was reasoned that 
the greater fluctuation velocities of higher intensity turbulence would increase the 
convective heat transfer ; consequently, at the same time-mean velocity, the emf gener- 
ation with high turbulence intensity would be less than that with low turbulence 
intensity. Therefore, if the intensity were higher than that during calibration, our 
emf readings would give apparent velocities higher than the actual velocities. Con- 
versely, lower than calibration intensities would give apparent velocities lower than 
the actual time-mean velocities. In order to investigate this effect, quarter-inch 
wire mesh, together with three layers of cloth, was placed over the entrance of the 
draw-through tunnel to increase the turbulence intensity. It should be clearly under- 
stood that we had no device with which to measure the actual turbulence intensity ; 
we merely thought that the screen and cloth would increase it. The anemometer was 
located about 2 ft downstream of the wire and cloth combination. The test results 
showed that, on a log-log plot with velocity as abscissa and emf as ordinate, a new 
calibration curve was established below the original curve, which was the expected 
result based on the reasoning stated above. The two curves were sufficiently far apart 
that, for the same emf reading, the velocities differed by about 25 percent. I feel our 
experimentation showed the probability at least, of heated thermocouple anemometers 
being affected by variation in turbulence intensity. 


If we apply this hypothesis, namely, that a heated thermocouple anemometer reads 
low at lower than calibration turbulence intensities and reads high at higher than 
calibration intensities, to the test results presented in the paper, the screen curve in 
Fig. 4, after corrections, is displaced much more to the right; also, the promoter curve 
is displaced slightly more to the left. The curves would then be in much better agree- 
ment with what I would expect on the basis of Fig. 3. Outlet turbulence intensity 
would then be even more of a significant factor than indicated by the data in the paper. 


This paper is a significant first step in an unexplored field of research in the range 
of velocities used by air conditioning engineers. I hope this program can be continued. 
On a practical basis, we need information on the outlet turbulence intensities of all 
types of supply outlets. Moreover. we should investigate and develop practical field 
devices to increase the intensity with minimum increase in noise level. In residential 
air conditioning particularly, the big problem is to get the supply air thoroughly mixed 
with room air in the small space above the zone of occupancy, and it can be expected 
that higher turbulence intensities will make this problem easier to solve. 


G. L. Tuve, Cleveland, Ohio: The authors have done a very good job on a difficult 
problem and I hope that means will be found to continue this study. 


| 
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I should like to call attention to one thing about the figures showing the turbulence 
promoter device they used, Fig. 2 in the paper. The results might be analyzed in an 
entirely different manner by considering that the stream is being discharged from a 
punched grille of the usual type, about 40 percent free area. It is true, of course, that 
the grille has a slightly suppressed angle of discharge due to the 3-in. nozzle that 
surrounds it. 

I think if you view this discharge as a jet from a punched grille, one of the 
conclusions will be that several other things are involved in addition to the turbulence. 
There is a higher kinetic energy in the jet, due to the smaller area. The kinetic 
energy coming out of those 40 percent area grille openings is much higher than that 
from a free-open nozzle. This will have its effect on the stream and the suppression 
of the stream divergence will have some effect, too, as will the increased turbulence. 
It seems to me that the authors have shown that these effects cancel each other when 
the average nozzle-face velocity is 2500 fpm but that the turbulence effect apparently 
predominates when the face velocity is very low, such as 350 fpm. 

In our work at Case we have had much concern with similar problems. In 1934, 
McKeeman and I presented a paper showing that the effect of turbulence grids on 
heat transfer might be to increase as much as 40 percent the heat transfer of a mass 
coil.* In 1944 Priester and I showed that the kinetic energy losses from low velocity 
jets may decrease the throw considerably below that to be expected from tests at 
higher velocities.f This, I think, was again confirmed by Mr. Nottage and his 
associates in the paper presented in St. Louis, Jan. 1952,** and is shown clearly by 
Fig. 4 in the present paper. 

In the 1949 and 1950 papers of Koestel and myself the corresponding losses and 
reduced throw of the jet due to different free areas was indicated. If you would look 
at the discharge device of Fig. 2 in terms of a grille of 40 percent free area instead of 
in terms of the outlet nozzle, and plot the results on that basis, Fig. 4 would look 
somewhat different because the abscissas are +/Do. If Do were the equivalent diameter 
of the 40 percent free area grille, a different result would be obtained. I think. the 
authors confirm these earlier reports, but we will have to use these few quantitative 
data with caution. I heartily agree that we need some more research on the quantitative 
role of turbulence, and I would add that we need more accurate means for describing 
and measuring the initial turbulence, even more accurate than a Schubauer heated-wake 
instrument. 


Linn HeELAnpeER, Manhattan, Kans.: The importance of the type of research that 
the authors are doing cannot be emphasized too strongly. In our own research on 
downwardly projected jets of heated air, we have, up to the present, been engaged 
principally in the study of jets with magnitudes of maximum blow in excess of seven 
orifice diameters. We are now engaged in exploring the characteristics of jets with 
maximum blows of less than seven orifice diameters. These latter jets are essentially 
low-velocity, low-blow jets. They are the type of jets to which presumably the authors’ 
contributions particularly apply. We are very glad indeed to have this contribution 
by the authors. 

L. R. Puuituirps, Hartford, Conn.: We have conducted research on the effect of 
turbulence upon air flow measurement in connection with an air flow measuring 
instrument developed by our company. What I am about to say would be equally true 
of other instruments operating on the heat loss principle. 


A.S.H.V.E. Research Report No. 997—Heat Transfer from Direct and Extended Surfaces with 
Forced Air Circulation, by G. L. Tuve and C. A. McKeeman (A.S.H.V.E. Transactions, Vol. 40, 1934, 
p. 427). 

+ A.S.H.V.E. Research Report No. 1248—Control of Air Streams in Large Spaces, by G. L. Tuve 
and G. B. Priester (A.S.H.V.E. Transactions, Vol. 50, 1944, p. 153). 

AS: > Research Report No. 1443—Isothermal Ventilation-Jet Fundamentals, by H. B. 
Nottage, J. G. Slaby and W. P. Gojsza (p. 107). 
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These instruments work on the same principle as the Schubauer instrument just 
described, and they will work out in the field. They are calibrated with straight line 
air flow, but if turbulent air passes over the instrument, it will give a quantitative 
measurement which is actually the cooling effect of that turbulent air. In other words, 
you don’t get a true velocity reading of turbulent air, but one of straight moving air 
which would have an equal cooling effect to the turbulent air being measured. 

Heating and ventilating engineers in the field are usually interested in air because 
of its heating or cooling effect and, therefore, if the type of instrument under discussion 
is used in place of a Pitot tube and draft gage, for example, then its reading is a 
quantitative measure of turbulence. The unit of measurement is the velocity of a 
comparable stream of straight moving air with equal cooling or heating effect. 


Avutuors’ CLosure (H. B. Nottage): Indeed, we are saddened over the extremely 
limited scope of this quick exploration. Fascinating aspects of the general problem are 
awaiting careful study, and we will be heartened if our exploration does nothing more 
than provoke thought and action in further research. 

Limitations of time and budget were very practical factors in this present study. 
What we have been able to do is crudely akin to an experiment wherein a pellet of 
unknown material is thrown into a bucket of water to see whether it will sink or float. 

Our practical-application findings were, in essence, the following two points: (1) 
that outlet turbulence intensity is a factor in ventilation-jet behavior at low outlet 
velocities, and (2) that changes in outlet turbulence intensity exert their influence 
within about 10 diameters from the outlet, and thereafter the flow is dominated by the 
natural behavior of turbulent jets. These findings must not be extrapolated wantonly 
beyond the test range. 

A further hope is that we may have stimulated the air-conditioning profession, and 
outlet manufacturers in particular, to think about turbulence in a quantitative sense. 

The discussers have given us a much-appreciated opportunity to emphasize the 
nature of our findings and to stress the need for further work. 


INFLUENCE OF TURBULENCE INTENSITY Upon ANEMOMETER READINGS 
AND Jet VELOCITIES 


The question of employing a convection-sensitive thermal anemometer to explore 
an effect of turbulence changes required careful consideration. Our initial concern 
was that which was brought out by Professor Gilman in his discussion. We felt that 
an increase in turbulence intensity, other factors remaining unchanged, would lead to 
the following train of events: (1) the convective conductance over the anemometer 
surface would be noticeably increased, (2) the anemometer, operating at a constant 
rate of heat release, then would show a decreased emf, and (3) the consequence would 
be an erroneously high indication of mean velocity. 

Jumping to conclusions, the thought was that the addition of the turbulence promoter 
would cause an artificially high indication of the axial jet velocity. Yet, demonstrating 
the pitfall of our incomplete thoughts, the first quick tests did not show this expectation. 
The following steps were taken to achieve a satisfactory interpretation: 

Outlet Conditions: All comparative tests were made with the same mass flow rate 
at the outlet, i.e., (Up/po) av, = constant. This was controlled by the primary metering 
and was independent of any anemometer readings or devices installed to vary the 
turbulence conditions. 

A basic requirement was that the outlet profile of time-mean velocity should remain 
essentially unchanged with any turbulence changes. This profile was estabiished from 
traverses across the nozzle outlet. These traverses were plotted as the dimensionless 
velocity ratio (Up/po)/(Up/po) co vs. radial position. For each of the three turbulence 
variations at a given total flow rate, these profiles gave the same curve within a 
scatter band at about +5 percent and with no clear trend in relation to turbulence 
intensity. (Of course, the areas under these curves had to be the same, as required 
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by the test conditions.) Our interpretation of this finding was that any turbulence 
effect which might have been present was small enough to be cancelled in the dimen- 
sionless velocity ratio. Since the profile itself was rather flat, this contention was 
accepted for all practical purposes. 

Anemometer Calibration Checks: Next, the anemometer was placed on the jet axis 
at +/D). = 1 and calibration comparisons were attempted under a repeated sequence of 
turbulence changes. Here, qualitatively, there seemed to be a very slight shift in 
indicated velocity, but still the change was nowhere near as noticeable as our first 
worries had led us to fear. Thus, perhaps by accidental good fortune in design, the 
anemometer was judged to have only a very minor sensitiveness to turbulence changes 
over the limits explored. Still, there was an inviting fundamental problem in this 
connection which needed careful study. The entire question was dropped, however, 
upon recognition of what was really involved in the findings for the axial velocities. 

May we commend this incompletely-investigated aspect of anemometer response to 
Professor Gilman for detailed, quantitative study. It may be somewhat presumptive 
for him to blame the experiences at Illinois entirely upon turbulence. 

Jet Axial Velocities: The paper presents the belief, supported by the results and 
reference noted, that the changes in outlet turbulence intensity exert their influence 
within the first few diameters from the outlet. Thereafter, turbulence intensity along 
the jet axis does not change greatly with further increase in distance from the outlet. 
The particular level of turbulence intensity prevailing in this farther region of the 
jet is believed to be characteristic of free turbulent shear flow, and not to be tied into 
outlet conditions. In other words, we believe that the turbulence intensities for the 
three curves of Fig. 4 are about the same for particular magnitudes of +/D.>8. The 
findings for 2500 fpm mean outlet velocity also support the idea that free-stream 
turbulence is the dominant factor here. 

We do not agree with Professor Gilman’s basis for the would-be revamping of the 
axial-velocity data in Fig. 4 and suggest that the question needs to be resolved with 
further direct evidence. This does not mean that we consider that no problem exists, 
or that we understand turbulence, but merely that Professor Gilman may have taken 
too large a step too easily. 

The relative spacing of the curves in Fig. 4 does not appear to have any truly 
satisfying simple explanation. There is no convincing reason why this spacing should 
be substantially linear with outlet turbulence intensity as indicated by the Schubauer 
device, and we prefer to leave this as a challenge for the future. 

May we re-emphasize in this connection that the Schubauer turbulence indicator, as 
initially conceived by Schubauer, was intended for use in isotropic turbulence. We 
recognize that jet turbulence is not isotropic, and hence the turbulence-intensity 
magnitudes shown in Fig. 3 are inherently uncertain. Just what magnitude of error 
may be involved here we cannot say at present, and the only claim for the 
Schubauer-instrument determinations is that they are reproducible and serve as 
temporary expedients for the more detailed data which are urgently needed for funda- 
mental interpretations. 


INFLUENCE OF THE SCALE OF TURBULENCE UPON ANEMOMETER READINGS 


Direct experimental evidence is needed to establish the role of the scale of turbu- 
lence. In support of the thought that scale was not a serious factor, reference is made 
to the studies of Maisel and Sherwood*, wherein scale alone was found to have but 
little effect upon the mass-transfer rate from small cylinders and spheres. In line 
with the discussion concerning the influence of turbulence intensity, it is felt that there 
were no marked differences in scale at r/D.>8 for the axial-velocity curves of Fig. 4. 


THE Question oF ConpbITIONS 


Professor Tuve has rightly asked the question of whether we may be comparing a 
jet from a free-open nozzle with a jet from a grid. This very question is what impelled 


*The Effect of Turbulence on the Rate of Evaporation of Water, by D. S. Maisel and T. K. 
Sherwood, paper presented at A.J.Ch.E. Meeting, Montreal, Canada, September 6, 1949. (Transactions, 
American "Institute of Chemical Engineers, 1949). 


356 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


us to return to the nozzle intake with the turbulence promoter. It is our belief that 
the stream which finally issued from the nozzle was a single jet and not an assemblage 
of multiple jets. Multiple jets from a perforated plate with 44 percent open area are 
known to coalesce very quickly into a single stream, and the contraction into the nozzle 
throat certainly would hasten this process. Traverses across the nozzle-outlet plane 
did not show any evidence of individual jets, and we do not believe that they existed. 

Placing a grille directly over the outlet creates a different problem, for the outlet 
velocity profile is then markedly altered. This we explored in trying to orient ourselves 
to the general problem. Our goal was to alter turbulence intensity at the outlet while 
not changing the pattern of time-mean velocity across the outlet plane, and we were 
satisfied that this was attained in an adequate preliminary-purpose manner, and our 
technique is supported by extensive aerodynamic experience of other researchers who 
employed turbulence-promoting grids. 


Tue Broap CONCEPTION 


We urge our readers not to become centered on a narrow-focus examination of the 
few aspects of this vast subject which we have investigated. The fundamental concep- 
tion is that rational advances in the science of room air distribution must come from 
improved quantitative understanding of orderly influences in the basic fluid mechanics. 
Room air movement is responsive to forces acting within the fluid body, and turbulence 
phenomena exert a dominant influence upon these internal forces. The bounds of our 
present limited knowledge need to be expanded by careful experimentation, and in this 
turbulence requires recognition. 
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EXPLORATION OF A CHILLED JET 


By H. B. Norrace*, J. G. SLasy**, anp W. P. Goysza**, CLEVELAND, OHIO 


This paper is the result of research carried on by THE AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS at its Re- 
search Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio. 


HE GENERAL topic of non-isothermal ventilation jets in room air distri- 

bution is of broad practical importance in the long-range A.S.H.V.E. 
research program.! The study reported is merely an initial exploration of non- 
isothermal conditions, concerned primarily with examining the physical principles 
governing the motion of a horizontally-projected chilled jet. The Technical 
Advisory Committee on Air Distributiont has given general guidance. 


SCoPE 


The experimental installation has been described previously*. The six-inch 
long-radius 4.S.M.E. standard nozzle was retained as the jet outlet. The single 
test condition employed was a mean outlet velocity of 500 fpm, corrected to 
standard air having a density of 0.075 Ib per cu ft, and a mean outlet tempera- 
ture depression of 39 F deg below the surrounding room air temperature. The 
test space was quite large. The experiments were conducted during the heating 
season, so that the surrounding room air temperature could be held constant. 

Because of the general lack of fundamental understanding concerning chilled 
ventilation jets, the study reported here was devoted primarily to an examina- 
tion of fundamental principles. The experimental work was conducted with 
great care and in comprehensive detail, seeking rational guidance for the all- 
important practical application type of tests which still are needed to establish 
handbook-style information for the engineer’s daily use. 

In harmony with the isothermal studies reported previously*, the guiding 
viewpoint has been to determine what takes place within the moving body of a 
chilled jet of air, and to formulate interpretations based upon the velocities, 
temperatures, forces, and movements which govern the observed behavior. 


* Research Associate, A.S.H.V.E. Research Laboratory. Member of A.S.H.V.E. 

** Research Engineer, A.S.H.V.E. Research Laboratory. 

1 Exponent numerals refer to References. 

} Personnel: G. B. Priester, chairman; H. F. Brinen, R. M. Conner, S. H. Downs, Linn Helander, 
F. B. Holgate, W. O. Huebner, W. W. Kennedy, R. D. Madison, G. E. McElroy, L. G. Miller, H. C. 
Pierce, C. H. Randolph, T. H. Troller, R. D. Tutt, G. L. Tuve. 

Presented at the Semi-Annual Meeting of THe American Society or HeatinG aND VENTILATING 
Encrneers, Spring Lake, N. J., June 1952. 
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EXPERIMENTAL PROCEDURE 


The general test methods have been noted previously”. 

The jet flow rate was established by use of a standard orifice located ahead of 
the cooling coils. This location enabled the mass flow rate to be fixed conven- 
iently, independent of the setting of the outlet temperature of the jet. 

Very careful attention was necessary to hold the outlet temperature depression 
of the jet at 39+1.5 F deg, otherwise reproducible data could not be obtained. 
This was accomplished by continual manual adjustment of (1) the chilled-water 
temperature to the first of the two cooling coils, and (2) the control point of the 
suction-pressure controller for the compressor connected to the second or direct- 
expansion cooling coil. 

Icing of the cooling coil was the major factor in limiting the jet outlet 
temperature depression to 39 deg. De-icing was generally necessary once each 
day at this condition. The fan intake air was room air at normally-encountered 
humidity ratios and a temperature of approximately 70 F. 

Once the desired outlet conditions were achieved, the operating procedure 
comprised a thorough and careful sequence of criss-crossing profiles to establish 
temperatures and velocity vectors throughout the jet flow region. 

Temperature data were obtained mostly with shielded copper-constantan 
thermocouple probes. For the lowest jet-to-surroundings temperature differences, 
a three-junction thermopile was employed. All temperature readings were shown 
on a recording potentiometer chart as emf differentials of jet to surrounding air. 
In vertical traverses, the slight vertical stratification in the surrounding air was 
cancelled by traversing the surrounding-air thermo-junction parallel to the jet-air 
thermo-junction. 

A special technique was necessary to locate what has been designated as the 
temperature boundary of the jet region. This boundary was taken as the locus 
of positions where the radial temperature gradient, in approaching the jet axis 
from the surroundings, first attained an appreciable magnitude. This magnitude 
was taken as 0.03 F deg per in. after an exploratory study of reproducibility in 
gradient measurements. Experimental operation here was facilitated by directly 
connecting a three-junction thermopile to a reflecting-mirror galvanometer. 

Velocity-vector direction data were obtained with smoke filaments? and the 
V-wire direction probe. 

Velocity magnitude data were obtained with heated-thermocouple ane- 
mometers®>, These anemometers were originally designed for isothermal flow, 
and a modification was developed for non-isothermal flow as described in 
Appendix A. 


PRESENTATION AND DISCUSSION OF EXPERIMENTAL RESULTS 


The experimental findings and interpretations lend themselves well to pre- 
sentation as a sequence of topics. The objective of an improved physical under- 
standing has dominated the entire exploration. Since only one test condition was 
involved, broad generalizations are unwarranted. Neither can practical design 
rules be expected, although practical judgment can be aided by reference to the 
principles which have been demonstrated in quantitative form. 

General Path of the Flow: The jet axis and the velocity and temperature 
boundaries of the jet are shown in Fig. 1. The temperature and velocity axes 
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Fic. 1. PLAN AND ELEvATION VIEWS OF CHILLED-JET VELOCITY AND TEMPER- 
ATURE BOUNDARIES 


were coincident as far as could be ascertained experimentally, except in the 
immediate vicinity of the outlet. These axes were taken, respectively, as the 
lines of maximum temperature difference and of maximum velocity. Tempera- 
tures and velocities along the jet axis serve as convenient reference quantities to 
which may be tied the cross-jet profiles of temperature and velocity. 

The velocity boundary was taken as the position of zero velocity component 
in the direction of the jet axis, and was established from vector-direction data. 
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Outside of the velocity boundary, the flow was moving back toward the outlet 
until entrained by the outflowing jet. 

The temperature boundary was taken as the position where the radial tempera- 
ture gradient attained its consistent threshold magnitude of 0.03 F deg per in. 
The ending of the temperature boundaries in Fig. 1 signifies the limit of repro- 
ducible temperature-boundary data. At this point there is still an axial tempera- 
ture difference, but the temperature-difference field disappears rapidly as the 
distance from the outlet is further increased. 
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Fic. 2. PLAN VIEW oF THE Splash FLow Atonc FLoor witH CHILLED JET 


The comparison of boundaries leads to the following observations: 


1. The more rapid spread of the temperature field as compared to the velocity field 
demonstrates that heat transfer within the fluid takes place at a greater rate than does 
momentum transfer. From this it may be concluded that the temperature and velocity 
profiles across the jet will be dissimilar; t.c., they cannot be represented by the same 
dimensionless curve. 

2. The outflowing jet is surrounded by a reverse-flow region of chilled air. This 
may be beneficial from the standpoint of mixing and cooling the air in an enclosed 
space, but the detrimental possibilities of cool drafts need to be recognized. 


The slight curvature of the axis in the plan view of Fig. 1 was caused 
by the gradual cross-circulation of the room air in the test space. This cross- 
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circulation was downward along the cool outer wall of the building, and then 
across the floor toward the center of the room. Room air currents of this nature 
need to be recognized in practical applications. 

The rapid vertical drop of the jet axis is a significant demonstration of 
buoyant-force action. Although the buoyant force is small (its magnitude will 
be presented subsequently), the other forces acting are likewise small. The 
entire flow field is subject to severe distortion from interference such as could be 
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Fic. 3. AxIAL VELOCITY AND TEMPERATURE DIFFERENCE 


caused by moving objects, obstacles (especially if they are either heated or 
chilled), or other air currents. 

The behavior of the jet upon striking the floor is significant from the practical 
question of the feeling of cold about the ankles. The underside of the jet, upon 
approaching the floor, undergoes a billowing, reversing and spreading motion. 
The spreading action along the floor is somewhat like a water stream striking 
a plane surface obliquely. Test observations showed that, after striking the floor, 
the flow comprised a main stream, which continued in the direction of increasing 
distance from the outlet, plus a floor-surface movement which, under test 
conditions, was confined to a layer roughly three inches over the floor surface. A 
qualitative smoke-filament survey of the flow at a height of 1 in. above the floor 
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Fic. 5. Cumiep-Jer VeLociry AND TEMPERATURE BouNnpDaRY CONTOURS 
TAKEN IN VERTICAL PLANES 


is shown in Fig. 2. A very interesting behavior can be imagined in this connec- 
tion if the floor were either heated or cooled, whereby a vertical convection 
movement would be superposed. 

Temperature and Velocity Fields: The axial velocity and temperature-differ- 
ence results are shown in Fig. 3. The close comparison with the corresponding 
isothermal-jet velocity may be fortuitous and cannot be generalized. 
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It is to be emphasized that the axial velocity and temperature curves are 
noticeably dissimilar, thereby demonstrating the inaccuracy of any assumption 
that they might be identical. The more rapid falling off of the temperature curve 
is consistent with the finding that the rate of turbulent heat transfer within the 
stream is greater than the rate of turbulent momentum transfer. 

The cross-jet boundaries and profiles will be presented only in sample form.* 
Fig. 4 illustrates the velocity-magnitude and temperature-difference profiles 
taken across the jet in the vertical plane at a distance of 15 outlet diameters from 
the outlet. The velocities are those in the direction of the jet axis at the plane in 
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Fic. 6. Frow Rate Ratio For CHILLED JET 


question. Similar data, as well as velocity-direction profiles, were taken for 
each traverse plane. 

Fig. 5 shows boundaries corresponding to Figs. 1 and 4. Establishing these 
boundaries in space required careful and extensive data. The axial data, the 
cross-profiles, and the boundaries comprised the basic information upon which 
calculations of jet quantities were based. In effect, these data give the velocity 
vector and the temperature difference for any position within the jet,—where 
the jet has been taken to be the region within the velocity boundary. 

Jet Flow Rate: Fig. 6 shows the flow-rate ratio, where Wo = 7.36 lb per min. 
The corresponding isothermal curve is given for comparison and the difference 
between the two is a consequence of the differences in the velocity boundaries 
and in the velocity profiles, and also in the density fields, for W is a mass flow 
rate. 

The sharp break at x/Dp>28 is a consequence of the jet striking the floor. 

This increase in the flow is not properly understood at present, but it resides 
in the floor-layer movement of Fig. 2. 


* It is contemplated that tabular summaries of the data will be published later in a more complete 

report, perhaps a Research Bulletin. Pending such release, A.S.H.V.E. members may obtain copies of 

a data by applying to the A.S.H.V.E. Research Laboratory, 7218 Euclid Ave., Cleveland 
» Ohio. 
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The present data did not go into the region of negative entrainment rates, 
but from Fig. 2 it appears that such would occur at greater distances from the 
outlet. The equation for W/Wgo is given in Appendix B. 

Enthalpy-Difference Flow Rate: The difference in enthalpy between any cross- 
section of the jet stream and the surroundings is a measure of the cooling duty 
available at that section. Fig. 7 shows the enthalpy-difference flow rate for the 
present tests, with gg = 69.5 Btu per min. 

The rapid falling off of the Btu per minute available for cooling at successive 
sections is striking. This illustrates the practical difficulty of achieving widely 
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distributed cooling with but a single jet in a large space. A further application 
problem is that of spot cooling in hot industrial atmospheres, where long throws 
of a chilled jet would be relatively ineffective. The equation for q/qo is given 
in Appendix B. 

Forces Acting on the Chilled Jet: Consider as a fluid body the portion of the 
chilled jet bounded by the outlet plane, the velocity boundary surface, and a 
vertical plane at section x. The forces acting on this body are very real and need 
to be carefully appreciated. Fig. 8 shows these forces schematically. 
where 


Fo = momentum impulse force at the outlet. 
FR = resultant momentum impulse force at plane x. 
Fu,Fy = horizontal and vertical components of Fr, respectively. 
By = buoyant force for the fluid body within the indicated envelope. 
ER = resultant unaccounted-for force, which comprises all effects which could 


not be established from direct data. Influences in Ep would be boundary 

shear, entrainment-impulse action, and any pressure differences prevailing. 

The momentum impulse forces are shown in Fig. 9, where Fo = 0.0364 lb. The 

force Fo acts on the vertical diameter of the outlet at a distance Zy 9 = 0.0111 ft 
above the outlet center. 

The buoyant force is given in Fig. 10, along with the location of its line of 

action. Since buoyancy depends upon the density of the surrounding fluid, these 
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Fic. 8. Forces ACTING ON A CHILLED 


JET 


calculations were made for the temperature conditions noted in Fig. 10. The 

resultant unaccounted-for force is obtained from a force balance and is shown in 

Fig. 11. 

The equations for the quantities involved are given in Appendix B. The small 
magnitude of these forces deserves repeated appreciation. An understanding of 
their action is believed to be an important key to the improved quantitative 
treatment of room air distribution. 

Moments Acting on the Chilled Jet: The force system sketched in Fig. 8 also 
involves moments which act on the fluid body. These moments likewise must be 
in balance under steady-state conditions. To evaluate the moments, a convenient 
moment center is the point of action of the resultant momentum impulse force, 
Fx, in the vertical plane at position x. The following moments are involved, 
referring to Fig. 8: 

Fo (Zu — Zuo), the moment of the outlet momentum impulse force, acting clockwise. 
(Measuring Z positive downward, —Zs,o is a positive quantity, since Fo acts above 
the origin of coordinates in this case.) 

ByL, the moment of the buoyant force, acting counterclockwise. 

My, the moment of the unaccounted-for forces, calculated from a moment balance as 
necessary for equilibrium. 
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Magnitudes of the moments acting for the prevailing test conditions are shown 
in Fig. 12. It is interesting to note that, in this instance, My is small enough so 
that it might be neglected for purposes of approximation. The small magnitude 
of Mg is explained by the fact that the forces which contribute to Mg are dis- 
tributed about the entire jet-boundary envelope of Fig. 8, and there is a tendency 
to balance clockwise and counterclockwise actions. 

The forces and moments presented have been those acting in a vertical plane. 
If the jet axis should be curved appreciably in the horizontal direction, another 
set of forces and moments would be involved. 

Vertical Drop of the Jet Axis: The vertical drop of a horizontally-projected 
chilled jet is of outstanding practical importance. The results from this single 
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exploratory run are inadequate to establish any general formulation for vertical 
drop, but the physical principles involved may be profitably examined. 

The position of the jet axis, which is the line of maximum-velocity and 
temperature difference, is taken to be of primary interest. In the present work, 
all boundaries and profiles have been referred to this axis. 

Fig. 13 compares the jet axis with the impulse axis. The impulse axis is defined 
as the locus of the points of action of the momentum impulse force in successive 
vertical-plane sections through the jet. The jet axis is not susceptible to predic- 
tion in advance from the information on hand, whereas the position of the 
impulse axis may be established from the forces and moments acting. 

The coordinate Zy, of the impulse axis is calculated from the expression given 
in Appendix B. An approximation to Zy is obtainable by neglecting My and 
Zy,0, both of which are relatively small. The approximate coordinate on this 
basis is 
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Fic. 12. Moments oN CHILLED JET 
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where 


By = buoyant force, from Appendix B, Equation B-7, pounds. 
L = distance between vertical plane at x and line of action of By, from Appen- 
dix B, Equation B-13, feet. 
Fo = outlet impulse force, from Appendix B, Equation B-3, pounds. 


From Fig. 13, the approximation of Zy’ is rather good for the present test 
conditions. Generalization of this result is not warranted, but a practical 
suggestion may be developed for future evaluation. 
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Fic. 13. Comparison oF CHILLED-JET AXES 


The variation of By and of L with x, noted in Fig. 10, is approximately linear. 
From this, Equation 1 suggests the empirical expression, 


where 
Z, = parabolic approximation to the vertical drop of the jet axis below the 
outlet center, feet. 
K = an empirical constant, feet. 


distance from outlet measured in outlet diameters, dimensionless. 


= 
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Equation 2 is a parabola. Fig. 13 shows such a curve with K = 0.020 ft. This 
simple formulation is sufficiently encouraging to recommend its careful consider- 
ation for practical use. Many additional test data are required to establish its 
validity, and the expectation would be to find K dependent upon initial jet 
conditions and also, ultimately, upon the surroundings. 

This discussion applies only to the range where the drop of the jet has not 
been influenced by the presence of the floor. 

The Turbulent Prandtl Number: It is appropriate to recognize a fundamental 
aspect of the processes of turbulent heat and momentum transfer. 

A quantity which characterizes the flow and heat-transfer behavior of a fluid 
is the Prandtl number, 


where 
¢» = unit heat capacity at constant pressure, Btu per (pound) (F deg). 
wu = absolute viscosity, pound seconds per square foot. 
g = gravitational constant, 32.2 feet per (second) (second). 
k = thermal conductivity, Btu per (hour) (square foot) (Fahrenheit degree 


per foot). 


For air at ordinary temperatures and pressures, Np,= 0.71. Discussion of 
the significance of Np, is beyond the scope of this paper; the details are covered 
in other references, for example, Jakob.® 

A turbulence-empiricism counterpart of Np, is obtained by replacing the 
viscosity, yp, by the eddy viscosity, pe, and the thermal conductivity k, by the 
eddy conductivity, 8. Thus, the turbulent Prandtl number is 


Nene = (Ge 0/6) . (4) 
where 


e = density, pounds per cubic foot. 

e = eddy kinematic viscosity, defined as the ratio of the shear stress produced 
by turbulence to the local velocity gradient across the flow, square feet 
per second. 

8 = eddy conductivity, defined as the ratio of the unit-area heat transfer rate 
produced by turbulence to the local temperature gradient across the flow, 

tu per (hour) (square foot) (Fahrenheit degree per foot). 


The turbulent Prandtl number Np, is very useful in analytical work. For 
instance, if the eddy viscosity and Np, are known, the eddy conductivity may 
be predicted. Thus, the temperature field may be predicted from the velocity 
field over the range where Np, is known; and knowing the temperature field, 
estimates may be made of the buoyant force. The major uncertainty in analyses 
of this nature is the treatment of boundary conditions and the region of reverse 
flow, where experimental guidance is needed. 

The meager data previously available for Np, have been reviewed by Forstall 
and Shapiro,’ with the very interesting result that, for practical utility, 


Magnitudes of Np, were calculated from the present data according to the 
relation— 
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ILLUSTRATIVE DATA FOR DETERMINATION OF TURBULENT PRANOTL NUMBER AT t: 10 


Position | Symbol | | Gurve No. 
Z/Ro*-2.5 ny .700 T 
Z/Ro*-6.5| 740 3 as 
Y/Ro*-1.0] 4 
Np, 0.4 
Y/R,* 1.0 x 662 6 
Y/R,* 2.0| .600 ? 
o2 
0.0 
o 4 8 12 16 20 2 2 32 
x 
De 
4 -Horizontal Profiles Curve is average of horizontal 
V-Verticol Profiles and vertical profiles. 
AVERAGE RESULTS FOR THE TURBULENT PRANDTL NUMBER 
Fic. 14. THe TurBuLENT PRANDTL NUMBER 
af log ) 
max 
d (100 
Sinex 
where 


6 = difference between the jet and the surroundings, Fahrenheit 
egrees. 
S = velocity in the direction of the jet axis, feet per minute. 


The ratios (@/@max) and (S/Syax) come from the cross-jet profiles of which 


Fig. 4 is a sample. Equation 6 gives an average magnitude of Np, along a jet 
radius. 


Fig. 14 shows an illustrative logarithmic plotting for determining Np, , and also 
gives the average results for all profiles. These results substantiate Equation 5 


| 
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except at the farthest distance from the outlet. This is an important extension of 
the range of flow conditions for which Equation 5 may be used, for previous 
data all were for high velocities and heated flow. 

This fundamental finding from this single exploratory run gives strong 
promise for rational advances in non-isothermal room air distribution. 


RECOMMENDATION 


It is recommended that continuing careful studies should be made for non- 
isothermal ventilation jets, in accord with the established objectives of the long- 
range research program.? 


CONCLUSIONS 


The following conclusions may be drawn from these tests : 


1. The temperature and velocity fields for a non-isothermal ventilation jet are 
markedly dissimilar. 

2. Quantitative study of the forces and moments acting on a buoyant jet is believed 
to be a most promising method of investigation. 

3. The vertical drop of a horizontally-projected chilled jet appears to be expressible 
by a simple parabolic formula containing a single empirical factor to be related to the 
independent variables of the system. 

4. Of fundamental significance, the turbulent Prandtl number has been found very 
nearly equal to the conventional Prandtl number. 
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APPENDIX A 


MopiFicaTIon OF THE HEATED THERMOCOUPLE ANEMOMETERS FOR USE IN 
Non-IsOTHERMAL STREAMS 


If the form of heated-thermocouple anemometer5 developed initially for use in 
isothermal flow is placed in a non-isothermal stream, the cross-stream temperature 
gradient produces an emf with the anemometer unheated. Automatic compensation for 
this was judged desirable. 


The compensation was achieved by adding an unheated differential thermocouple, 
made of the same wire as the heated thermocouple. The two junctions of this second 
thermocouple were placed in a line parallel to the heated-thermocouple junctions but 
separated therefrom by a distance of %4 in. The two thermocouples were connected in 
series so that the algebraic difference between the respective emf magnitudes was 
obtained. 


The performance of this compensating arrangement was checked for each profile 
by making an initial traverse with the anemometer unheated. Perfect performance 
would give zero net emf. This was obtained in the majority of positions, but at 
x/Do<10 the local jet temperature gradients were sufficiently steep so that a small 
net reading generally was encountered. This however was not serious, and the final 
data merely were corrected by the amount of the net un-compensated emf of each 
such position. 


APPENDIX B 
(Equations and Nomenclature employed for the analyses presented in the paper. ) 


NOMENCLATURE 


By = buoyant force, given by Equation B-7, pounds. 
d = differential operator. 
Do = outlet diameter = 0.5 feet. 
Ex,Ey = horizontal and vertical components, respectively of the unaccounted-for 
forces acting on a chilled jet, defined by Equation B-9 and B-10, pounds. 
Fo = ee impulse force acting at the outlet, defined by Equation B-3, 
pounds 
Fy,Fy = horizontal and vertical components, respectively, of the momentum 
impulse force acting on a vertical plane section through the jet, defined by 
Equation B-4 and B-5, pounds. 
Fr = resultant of Fy and Fy, pounds. 
L = distance between vertical plane at coordinate position x and the line of 
action of By, as sketched in Fig. 8, feet. 
My = resultant unaccounted-for moment acting on the chilled jet, defined by 
Equation B-14, pound feet. 


q = rate of enthalpy-difference flow in the jet, referring to the enthalpy of the 
surrounding air as a datum, Btu per minute. 

go = qat the outlet. 
Ro = outlet radius, feet. 

S = jet velocity in the direction of the jet axis, feet per minute. 

T = jet temperature, Fahrenheit, absolute. 

Ts, = surrounding air temperature, Fahrenheit, absolute. 

U = horizontal component of jet velocity, feet per minute. 

V = vertical component of jet velocity, feet per minute. 

W = flow rate in jet, defined by Equation B-1, pounds per minute. 
Wo = Wat the jet outlet. 


x 
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NoMENCLATURE (Continued ) 


x,y,8 = coordinate dimensions, referred to the center of the jet outlet as the 
origin, feet, x is the horizontal coordinate in the direction of the outlet 
axis, y is the horizontal coordinate in the direction perpendicular to x, and 
z is the vertical coordinate. 


Z, = parabolic — to vertical coordinate of jet axis, given by 

Zu = — coordinate to the point of action of Fr, defined by Equation 
-11, feet. 

Zu,0 = cy coordinate to the point of action of Fo, defined by Equation 
-12, feet. 


e = jet density, pounds per cubic foot. 

Qo = standard air density, 0.075 lb per cu ft. 

?s = surrounding air density, pound per cubic foot. 

6 = T, — T, Fahrenheit degrees. 

Siet denotes definite integral within the limits of the jet boundary at the 

vertical plane in question. 
Subscripts min, max denote minimum and maximum magnitudes respect- 
ively. Subscripts 0,x denote vertical planes at the outlet and at coordi- 
nate distance x respectively. 


EQuATIONS 
The Jet Flow Rate 


The Enthalpy-Difference Flow Rate 


. (B-2) 
jet (pS) max, 9mox,x Ro 
Forces Acting on the Chilled Jet 
Outlet momentum impulse force 


where 
p,U, and the limits of y and zs refer to the outlet. 


Horizontal component of the momentum impulse force 


Vertical component of the momentum impulse force 


Fo (U p/p.) (PS)noxo Yo Yer diet \P/Po 
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Resultant momentum impulse force 


Buoyant force 


where 


Resultant unaccounted-for force 


Ey Fo~ Fy 


Ey  By-Fy 


Moments Acting on the Chilled Jet 
Moment of the outlet impulse force is Fo (Zu — Zx,0) 


Vertical coordinate of the impulse axis is 


tu * [reve (B-11) 
f f 2 
Zuo* =~ z pU* dy dz 
Moment of the buoyant force is ByL . 


[ x (p-p,) dy a| (B-13) 


Resultant unaccounted-for moment 


DISCUSSION 


C. S. Leopotp, Philadelphia, Pa.: Just a perennial reminder. The difficulties with 
a falling air stream are usually not quite so bad as one would anticipate from either 
these data or other data which have been presented, all dealing with the introduction 
of air into rooms with high ceiling. We lack quantitative information on the effect 
of ceilings in restraining the fall of the air stream. 

Although the subject paper is substantially based on one experiment, valuable 
information has been obtained. I hope that in the near future at least one additional 
experiment can be made in which a ceiling is installed close enough to the top of the 
discharge grille to influence the beam pattern. 


Cyrit Tasker, Cleveland, Ohio: You have heard Dr. Nottage and others talk 
about the need of translating these data into the sort of information which you gentle- 


2 2 
Fo Fo Fo 
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men can use in your daily work. I don’t think that any of you will feel, from a 
presentation of this and other papers, that this is an extremely easy task, but it has 
got to be done, somehow or other. 

A few years ago, when Mr. Szekely was Chairman of the TAC on Air Distribution, 
he instigated a very careful analysis of all the factors that go into room air distribution, 
in an attempt to indicate where more data were needed and the relative importance of 
the various items. We therefore laid out, under his direction and guidance, a large chart 
showing all pertinent factors, and we attempted to allocate priorities based on 
importance to the membership, amount of data available, and the situation at that time, 
so that we could really try to evaluate each item in a large and comprehensive 
program. 

A short time ago the Committee on Research felt that it might be advisable if the 
TAC looked at these listings again, after several years and after some of the 
experimental work had been completed. 

So a small sub-committee of the TAC on Air Distribution was set up, under the 
chairmanship of W. A. Grant, having in its membership a number of men from the 
TAC who are in day-to-day touch with problems as they affect the practical engineer. 

This sub-committee has met, and has started on the quite difficult task of making a 
complete and factual evaluation of the Society’s research work in air distribution over 
the past ten years. 

I couldn't possibly tell you what sort of a report they are going to come up with. [ 
don’t think even the chairman could at this moment. But let me assure you that this 
survey is under way; that it is being done with a very sincere purpose in mind and 
that, eventually, this evaluation report will be used to guide future Society work in the 
field of air distribution. 

Every effort is being made by the TAC and the Committee on Research to find out 
where we stand and what we should do so that the data already developed can be made 
of maximum use to the membership. 


AutHors’ CLosure (H. B. Nottage): Mr. Leopold has hit the nail right on the 
head. We need more data. Ceilings, walls, and completely enclosing spaces are part 
of the stated A.S.H.V.E. program. Continuing interest and encouragement from 
A.S.H.V.E. members is one of the best means to support the program on toward 
completion. 

Regarding the general question of field applications for laboratory data, recognition 
must be given to the literally innumerable variations of air distribution problems in 
the field. Consideration of special tests for each and every case presents an endless 
and impracticable test sequence. The great hope for simplification and subsequent 
generalization is to find a key to understanding within the observed orderliness of 
physical behavior. We have tried to indicate, by example, the general approach for 
finding this key, based upon careful analysis of detailed data. 
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THE SHADING OF SUNLIT GLASS 
An Analysis of the Effect of Uniformly Spaced Flat Opaque Slats 


By G. V. PARMELEE* AND W. W. AuBELE**, CLEVELAND, OHIO 


This paper is the result of research carried on by THE AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS at its Re- 
search Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio. 


HIS PAPER presents the results of one phase of an investigation of the 

effect of shades on heat flow through sunlit glass. It is concerned only with 
slat-type shades, such as venetian blinds, sun screens, and jalousies. The immedi- 
ate objectives are: (1) the determination of the absorbing, reflecting, and 
transmitting characteristics of slat-type shades for solar radiation; and (2) 
the determination of the influence of slat-type shades on room heat gain by 
convection and re-radiation from sunlit glass. The final objective of this study 
is the determination of shading factors to apply to published design data for 
unshaded glass.! 


The investigation has proceeded under the direction of the Technical Advisory 
Committee on Heat Flow Through Glass} along two parallel paths of which the 
first is a mathematical analysis of the first objective. The results of this analysis 
are reported in this paper. The second path is the one of experiment. Tests are 
being conducted to check the mathematical analysis for a very limited number of 
cases and to provide data pertinent to the second objective. The experimental 
findings will be included in later reports. 


ANALYSIS OF PROBLEM 


An assembly of slats, such as a venetian blind which is partly open, absorbs, 
reflects or transmits solar radiation which falls upon it. Each of these components 


* Research Associate, A.S.H.V.E. Research Laboratory. Member of A.S.H.V.E. 

** Research Engineer, A.S.H.V.E. Research Laboratory. 

1 Exponent numerals refer to References. 

+ Personnel: R A. Miller, chairman; N. B. Hutcheon, Vice Chairman; W. J. Arner, F. L. Bishop, 
E. W. Conover, D. D’Eustachio, W. B. Ewing, J. E. Frazier, J. S. Herbert, R. W. McKinley, E. C. 
Miles, D. R. Muir, F. W. Preston. Vic Sanders, H. B. Vincent, J. R. Young. 

Presented at the Semi-Annual Meeting of THe American Society oF HEATING AND VENTILATING 
Enorneers, Spring Lake, N. J., June 1952. 
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can be computed by means of equations which give the relationship between the 
following factors: 

1. The manner in which the slat surface reflects the incident radiation and the 
fraction of this radiation which the surface absorbs. 

2. The profile angle of the incident solar beam. 

3. The geometry of the slat assembly. 


fil \ 
e 
» 
ta - Specular 
Reflecting Siats | 
surface 2 


1b - Diffuse 
Reflecting Slots 


Fic. 1. PassaAGE oF Direct SoLar 

RADIATION THROUGH SYSTEMS OF 

SPECULAR REFLECTING SLATS AND 
DirFusE REFLECTING SLATS 


Two types of surfaces are treated in this paper, those which reflect specularly, 
like a mirror, and those which are perfectly diffusing reflectors. Though many 
practical surfaces are neither wholly specular nor wholly diffuse reflectors, their 
reflected radiation can be separated approximately into these two components. 

Specular Reflecting Surfaces: Consider the slat system illustrated in diagram 
la of Fig. 1. The absorptance of the slat surface is designated by a. The reflect- 
ance of the slat surface is therefore (l1—a). In this case the incident beam can 
be divided into three fractions. Of fraction f,, (1—a) is reflected away from 
the slats and @ is absorbed. Fraction f, undergoes four reflections before emerg- 
ing from the slat assembly reduced by (1—a)*. Fraction f, passes through 
reduced by (1—a)?. Under certain conditions part or all of the incident beam 
may pass through the slats without striking the slat surfaces. 

Diffuse Reflecting Surfaces: Consider now diagram 1b of Fig. 1, which illus- 
trates a system of slats which are perfectly diffusing reflectors. Fraction m/W 
of slat surface 1 is uniformly radiated by the incident beam; (1—a) is reflected. 
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Part of this radiation is reflected away from the slats, a small part is reflected 
through the opening between the slats, and the remainder is reflected to slat 
surface 2. The proportions of each reflected quantity depend upon the position 
of point P, (Note: the length of the arrows represents the intensity of the beam 
in the direction of the arrow). The radiation which arrives at surface 2 (non- 
uniformly distributed) is reflected in similar fashion as illustrated by that which 
leaves point 

The Profile Angle*: The profile angle ¢ is the sun angle that controls the 
performance of a given slat assembly in that it determines the position of the 
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SOLAR AZIMUTH, 7 

o,* profile angle: plane of silat assembly vertical; : 
slats run horizontally 


$,,, = profile angle: plone of slat assembly inclined; Fic. 3. PRoFILE ANGLE Py FOR A 
VERTICAL SLAT ASSEMBLY WITH LONG 
Fic. 2. DEFINITION OF ANGLES DIMENSION OF SLATS HoRIZONTAL 


shadow line cast on one slat by the slat between it and the sun. It is defined in 
the following way: Pass a plane through the plane of the slat assembly so that 
it is perpendicular to this plane and so that the intersection of the two planes is 
parallel to the length of that slat. Now rotate this plane until it includes the 
position of the sun. The angle through which the plane has been rotated is the 
profile angle. The profile angle is illustrated in Fig. 2 for slat assemblies in 
which the long dimension of the slat is horizontal. 

The relationship between the profile angle ¢, the solar altitude 8, and the solar 
azimuth y, for a slat assembly of which the plane is vertical and the slats run 
horizontally (the most common arrangement) is given by Equation 1 and Fig. 3 


*It has been suggested that to avoid confusion of meaning the term shadow line angle be substi- 
tuted for profile angle. As defined in this paper the profile angle includes, but is not restricted to, 
the definition of profile angle as given in the article, New Sun Angle Calculator Simplifies Solar 
Engineering, by D. W. Dunipace, (Heating, Piping & Air Conditioning, April 1951, p. 121). In the 
article, where the term profile angle appears to have been used for the first time, it is defined as the 
projection of the true altitude angle upon a plane perpendicular ta the wall. 
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If the slat assembly is inclined » degrees from the vertical, then 


If the slat assembly plane is vertical and the long dimension of the slats is also 
vertical then 


Finally, if the slat assembly plane is inclined and the long dimension is also 
inclined, then 


tan ¢;,; = (cos dy,n tan y) + cosdin (4) 


The first subscript on ¢ refers to the plane of the slat assembly and the second 
refers to the direction of the long dimension of the slat; ,, ;, , designate vertical, 
inclined and horizontal respectively. 

The profile angle ¢ is positive and has values from 0 to + 90 deg when it is 
measured clockwise from reference line O—X (see Fig. 1). It is negative and 
has values from 0 to —90 deg when measured counterclockwise from the 
reference line. 


Geometry of a Slat Assembly: The geometry of a slat assembly is defined by 
the slat width-slat spacing ratio W/S, the slat thickness-slat spacing ratio D/S 
and the slat angle y. The slat angle is measured as shown in Fig. 1, is always 
considered as having a positive sign, and may have any value between 0 and 90 
deg. With this limitation all possible angular relationships between the slat angle 
y and the profile angle ¢ can be covered by allowing ¢ to be either positive 
or negative. 


a 
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CHARACTERISTICS OF PRACTICAL SLAT ASSEMBLIES 


Absorptance of Slat Surface: A number of slat assemblies, varied as to slat 
angle, spacing ratio, slat width, and type and color of surface are being investi- 
gated at the A.S.H.V.E. Research Laboratory. The spectral absorptance charac- 
teristics of these surfaces are given in Fig. 4. It is evident that almost any 
absorptance value might be found in practice. Curves A, B, and C are for 
surfaces which are predominately diffuse reflectors while curve D is for a 
surface which is entirely a specular reflector. 

Slat Geometry: A study of general practices in the venetian blind industry 
shows that W/S values range from 1.19 to 1.27. By far the most common is a 
value of 1.23 for 2-in. wide slats spaced 154 in. on centers. The thickness ratio 
for metal slats, 0.007, is negligibly small. The slat angle y is adjustable. 

Shade screens usually have fixed slats which vary in width between about 
1/16 and % in. The spacing ratio varies from about 0.8 to 1.0. With these 
small slats thickness ratios are significant and range from about 0.10 to 0.15. 
Slat angles vary from about 15 to 30 deg in designs presently known. 


CALCULATED VALUES OF ABSORPTANCE, REFLECTANCE AND TRANSMITTANCE 


Direct Solar Radiation: Calculated values of absorptance Ap and transmittance 
Tp for direct solar radiation are given in Figs. 5, 6 and 7 for specular reflecting 
slat surfaces and Figs. 8, 9 and 10 for diffuse reflecting slat surfaces. These 
curves are for flat opaque slats with negligible thickness ratio D/S for positive 
values of ¢ and for slat assemblies large enough in area so that edge effects are 


NOMENCLATURE 
a = absorptance of slat surface for Y = slat angle, degrees (see Fig. 1). 
solar radiation, dimensionless. ® = inclination angle of the plane of 
ap,%4 = absorptance of a glass section the slat assembly measured 
for direct and diffuse solar with respect to a vertical sur- 
radiation respectively, dimen- face, degrees. 
sionless. Ap,Aa = absorptance of a slat assembly 
@ = altitude of the sun above a for direct and diffuse solar 
horizontal plane, degrees. radiation respectively, dimen- 
+ = azimuth of the sun with respect sionless. 
to the perpendicular to a verti- D = slat thickness, inches. 
cal wall, degrees. L = opening ratio, the fraction of 
6 = angle of incidence; angle be- the incident direct radiation 
tween the sun’s rays and a per- which passes directly through 
pendicular to a surface, de- the slat assembly. 
grees. m = slat width irradiated by the 
e = 1 — a = reflectance of a slat sun, inches. 
surface for solar radiation, Rp,Ra = reflectance of slat assembly for 
dimensionless. direct and diffuse solar radi- 
ep,ea = reflectance of a glass section ation respectively, dimension- 
for direct and diffuse solar less. 
radiation respectively, dimen- S = slat spacing, inches. 
sionless. Tp,T a = transmittance of slat assembly. 
™D,ta = transmittance of a glass section for direct and diffuse solar 
for direct and diffuse solar radi- radiation respectively, dimen- 
tion, respectively, dimension- sionless. 
ess. W = slat width, inches. 
= profile angle, degrees (see Figs. W/S = ratio, slat width to spacing. 
1 and 2). D/S = ratio, slat thickness to spacing. 
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Fic. 5. TRANSMITTANCE AND ABSORPTANCE OF 
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negligible. Moreover, they are strictly applicable only to monochromatic 
radiation. Derivations of the equations from which these curves were plotted 
are given in Appendixes A and B. 

In each case the transmittance curves run from the upper left of the figure to 
the lower right and the absorptance curves run from lower left to upper right. 
The reflectance of the assembly Rp is given by the relationship 
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The following points with respect to the curves for specular reflecting slat 
surfaces should be noted: 

In Fig. 5 the curves of Tp for W/S=0.6 and of Ap for W/S = 1.2 have 
been omitted but the values can be found readily from the relationship that 
Tp = 1—Ap when y= 0, since under this condition, R p = 0. 
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In Figs. 6 and 7 when ¢ is greater than (90—y), Tp = 0 and Ap= a except 
when y= 45 deg with W/S=0.6. Here the limiting condition is ¢= about 
54 deg. 

It should be understood that Figs. 5 to 10 express the performance of slat- 
assemblies only. The transmittance and absorptance of a glass-slat assembly 
combination will be discussed in a later section of the paper. Corrections 
to apply when D/S is not negligible, are treated in Appendix A. 
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RADIATION 
t The Opening Ratio, L: The opening ratio, L, is defined as the width of that 
t portion of the opening between the slats through which direct radiation passes 


without striking the slats, divided by the slat spacing. For example, in Fig. 6 
. when a= 1.0 and ¢= 10 deg, the transmittance, Tp, of a slat assembly with 
y W/S=1.2 is 0.22. This fraction, and all such fractions for a= 1.0, is the 
5 opening ratio. Geometrically, for positive values of ¢, and for negative values 
of ¢ such that —(q@) is less than y, 
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RADIATION 
L = 1 — (W/S) [sin (@ + ¥)] + cosd?. . ...... . 
and for negative values of ¢, where —(q@) is equal to or greater than y 
(7) 


These relationships are plotted in Fig. 11 and are useful in interpolation. The 
minimum value of L is 0; therefore, negative values have no significance. Note 
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that for ¢=y=0 and for negative values of @ such ‘that —(¢) =y, the 
opening ratio is unity. 

Diffuse Solar Radiation: The curves of Figs. 5 to 10 can be used to calculate 
the absorptance and transmittance of incident diffuse solar radiation by a slat 
assembly. The principal source of diffuse solar radiation, the sky, appears as a 
quarter sphere to an observer. Consider one half of the quarter spherical surface. 
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This can be divided into 81 patches such that the center of each patch differs 
by 10 deg in altitude and azimuth from the center of an adjacent patch. The 
total diffuse radiant energy, /3, which falls upon a vertical surface, such as a 


slat-type shade, from these patches is 


SLAT WIDTH-SPACING RATIO, 
W/s 


\ 
PROFILE \ 
\ |ANGLE, |\ 


\ 


\! 
Me 
S50 so 0.4 0.6 0.8 ime) 
OPENING RATIO, L 


4 
SLAT ANGLE, 
Fic. 11. Opentnc Ratio, L, vs. PRoFILE AND SLAT ANGLES FOR 


DIFFERENT VALUES OF SLAT WiptH Spacinec Ratio, W/S; Swat 
THICKNESS SPACING RATIO= 0 


The radiant energy transmitted by the shade is , 


net 


where /, A, cos @ and Tp are respectively the intensity of radiation from the 
patch, the patch area, the cosine of the incident angle corresponding to the 
altitude and azimuth associated with the patch, and the transmittance of the 
slat for direct radiation associated with the profile angle of the radiant beam 


from the patch. 3 
The transmittance, Ty, of the slat assembly for diffuse solar radiation is, 5 


therefore, 


= 
| 
| | 
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COs 87, 
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The absorptance, A, can be calculated in similar fashion. Calculations for a sky 
of uniform intensity have been carried out for several cases with results as shown 
in Table 1. Calculations for a non-uniform sky were also made for the diffuse 
reflecting slat assembly with a= 0.37. These were based upon the brightness 
distribution? of a clear sky with 40 deg solar altitude. The azimuth of the sun 
with respect to the orientation of the slat plane was 180 deg. The result was a 
10 percent increase in Ty. Ground reflected solar radiation can be significant 
and treated in the manner indicated by Equation 10. 


TRANSMITTANCE AND ABSORPTANCE OF A COMBINATION OF GLASS AND A 
Stat ASSEMBLY 


The transmittance of a slat-glass combination is complicated by the effect of 
reflections between the two elements of the combination and cannot be simply 
treated. For rough estimates of the behavior of a combination of glass and a 
slat assembly, the following rules apply: 


1. The transmittance of the combination is the product of the transmittances of the 
separate components. 

2. The absorptance of the outdoor component is that of the outdoor component alone. 

3. The absorptance of the indoor component is the product of the transmittance of 
the outdoor component, and the absorptance of the indoor component. 


If reflections were taken into account, the results would have to be multiplied 
by a factor greater than one. The treatment of one pair of reflections, usually 
the only pair of significance, is given in Appendix C for flat glass in combination 
with a slat assembly. Transmittance and absorptance values for flat glass have 
been summarized in an A.S.H.V.E. Research paper. 


APPLICATIONS 


Instantaneous heat gain through a sunlit glazed opening which is provided with 
a shade consists of two components: 


1. The gain which results from the transmission of direct and diffuse solar radiation 
by the shade-glass combination. 

2. The gain which results from the solar radiation absorbed by the shade and by the 
glass. This gain is influenced by location of the shade (indoors or outdoors), the 
division of absorbed radiation between the shade and the glass, the indoor and outdoor 
temperatures, emissivity of the shade, and other factors. 


The magnitude of the first component is dependent upon the solar intensity, 
the profile angle, the slat geometry and the slat surface absorptance, and can be 
estimated with good precision from the data given in this paper. Only the first 


: 

(10) 
i 
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step, however, can be taken in estimating the magnitude of the second compo- 
nent. This limitation of the present paper should be clearly recognized. Experi- 
mental work is required in order to relate absorbed solar energy to heat gain. 


Such work is now in progress. 
The application of the curves will be illustrated by the following example: 


Example: A venetian blind with horizontal slats is installed on the inside of cotinary 
window glass set in a southwest wall at 40 deg north latitude. The time is 2:00 p.m. 
on August 1. Find the solar radiation (1) transmitted by the slat-glass combination, 
(2) absorbed by the glass, and (3) absorbed by the shade. yy = 30 deg, W/S = 1.2, 
a = 0.37, the slat surface is a diffuse reflector. Disregard the shading effect of the 
window reveal and the effect of reflections between the shade and the glass. 


Solution: 
From Table 7, p. 270, THE GuipE 1952: 
@ = 56 deg, y = 14 deg. 
From Table 6, p. 269, THE GuIpE 1952: 
cos @ = K = 0.542, from which 6 = 57.2 deg. 
From Table 5, p. 267, THE GuIpDE 1952: 
Ipn = 279, Ja = 28.1 Btu per (hr) (sq ft). 
The incident direct radiation = cos 8 X Jpn = 0.542 X 279 = 151.2 Btu per (hr) 


(sq ft). 
From Table 15, p. 288, THE GumDE: 
tp = 0.804, ta = 0.79,ap = 0.06, cg = 0.06. 


From Fig. 3 Ay paper): 
6 deg. 


From Fig. | 9 thie paper): 
Tp = 0.105, Ap = 0.47. 
From Table A. (this paper): 


Ta = 0.20, Aa = 0.45. 
The radiation transmitted by the shade-glass combination is 


= 0.804 X 0.105 X 151.2 + 0.79 X 0.20 X 28.1 = 12.8 + 4.4 = 17.2 Btu 
per (hr) (sq ft). 


The radiation absorbed by the glass and by the shade respectively are, 


Gag = 0.06 (151.2 + 28.1) = 10.8 Btu per (hr) (sq ft). 
gas = 0.804 X 0.47 X 151.2 + 0.79 X 0.45 X 28.1 = 57.2 + 10.0 = 67.2 Btu 


per (hr) (sq ft). 
CONCLUSIONS 


A study of the curve families allows some general conclusions to be made 
regarding the effect of the several variables on the performance of a slat-type 


TasBLeE 1—CaLcuLATED VALUES OF ABSORPTANCE, Ay, AND TRANSMITTANCE, 
Ty, OF DirFUSE SOLAR RADIATION BY SLAT-TYPE SHADES 


ABSORPTANCE Stat 
or Stat or SPActInG ANGLE ABSORPTANCE | TRANSMITTANCE 
Surrace, a REFLECTION Ratio W/S Aa Ta 
0.16 Specular 1.2 30 0.25 | 0.52 
0.37 Specular 1.2 30 0.51 0.33 
1.2 30 0.45 | 0.20 


0.37 Diffuse 


— 
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shade. Selected values are given in Table 2 to illustrate these conclusions. 
Except as noted the conclusions apply to positive values of the profile angle, ¢. 


1. For given values of slat absorptance a and profile angle ¢, and slat geometry, the 
type of reflection (diffuse or specular) is most important. The importance decreases 
as profile angle ¢, slat angle y, and slat width-spacing ratio W/S, decrease. 

2. For a given profile angle and slat geometry, decreasing values of a increase 
reflectance but also increase transmittance. 

3. In many cases, particularly when W’/S is of the order of 1.2 and y is greater 
than 0, the absorptance of the s/at assembly is greater in value than the absorptance 
value of the s/at surface. 

4. For specular reflecting slats when (¢+y) is less than 90 deg, the following 
approximate generalization seems to hold: diffuse reflecting slats transmit less, reflect 


TasB_LE 2—COMPARISON OF DIFFUSE AND SPECULAR REFLECTING SLATS FOR 
THE SAME VALUES OF SLAT SURFACE ABSORPTANCE AND SLAT GEOMETRY 


Stat SurFace 
TYPE oF Wivts- AB- Stat PROFILE TRANS- AB- Re- 
REFLECTION Spacina | sORPTANCE ANGLE ANGLE MITTANCE | SORPTANCE | FLECTANCE 
Ratio, W/S @ » > To Ap Ro 

Specular........... 1.2 0.4 30 20 0.42 0.58 0.00 
ae 1.2 0.4 30 20 0.17 0.52 0.31 
Serer 1.2 0.4 30 60 0.00 0.40 0.60 
ee 1.2 0.4 30 60 0.09 0.49 0.42 
Specular........... 0.6 0.4 30 20 0.74 0.26 0.00 
0.6 0.4 30 20 0.59 0.23 0.18 
Specular........... 1.2 0.4 0 20 0.83 0.17 0.00 
ree 1.2 0.4 0 20 0.66 0.25 0.09 
EE 1.2 0.4 45 20 0.19 0.59 0.22 
REESE 1.2 0.4 45 20 0.10 0.51 0.39 
ree 1.2 0.2 45 20 0.37 0.34 0.29 
are 1.2 0.2 45 20 0.17 0.28 0.55 
EE ES 1.2 0.2 45 60 0.00 0.20 0.80 
SRR eee 1.2 0.2 45 60 0.10 0.25 0.65 


more and absorb about the same amount as specular reflecting slats for the same value 
of a. For values of (¢ + y) greater than 90 deg, diffuse reflecting slats transmit more, 
absorb more, and reflect less. 


5. When (¢+2y) is less than 90 deg, specular reflecting slats reflect no radiation 
away from the slats. 


6. When (¢+y) is greater than 90 deg, specular reflecting slats transmit no 
radiation; 4p = a and Tp = 1 — a, as long as L, the opening ratio = 0. 


7. When y is 0 or ¢ is negative, such that —(¢)>y, specular reflecting slats under 
no conditions reflect radiation away from the slats. 
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APPENDIX A 


EQUATIONS FoR ABSORPTANCE AND TRANSMITTANCE 


Specular Reflecting Slat Surfaces: Three cases are considered. In Case J none of the 
incident radiation is reflected away from the slats. In Case I] part of the radiation is 
reflected away from the slats while in Case JI] no radiation can pass through the slats 
by reflections, though with certain slat geometry some incident radiation can pass 
directly through the slat opening. Cases J and /II apply to positive values of ¢. Case / 
with limits as noted in following text also covers all negative values of ¢. Diagram la 
of Fig. 1 illustrates Case II. 

The equations which follow apply to slat assemblies in which the thickness-spacing 
ratio, D/S, is negligible. A method of correcting the equations where D/S cannot be 
ignored is presented in this section. The number of parts into which a beam divides 
and the number of reflections which each portion of the beam undergoes is related to 
the width of the slats, the perpendicular distance between the slat surfaces, and the 
angle at which the incident beam strikes the slat. The nomenclature used is that listed 
in the forepart of the paper. 


Case I: ¢ is positive, less than 90 deg and (@ + 2y) is less than 90 deg; $ is negative 
such that — (6) is less than 90 deg. 


Tp — Y = sin 4) 
where 
N = a whole number according to the following schedule: 
(W/S)/B N 
0-2 1 
2-4 3 
5 etc. 


4-6 
B = + [cos y/tan + 
X = + [sin » — [(W/S) — (NB)]] 
Y = + [sin » + [((W/S) — (NB)]] 


Note: When 4 is positive or when @ is negative such that — (6) is less than 4, use 
+ sign where = is indicated. 

When ¢ is negative such that — (6) is greater than 4, use — sign wherever + is 
indicated and observe trigonometric sign conventions; also interchange X 
and Y in the first and third terms of Equation A-1. 
Whether ¢ is negative or positive, let X = 0 when X is negative and let 
Y = 0 when Y is negative. 
When the absolute value of 6 = ¥, Tp = 1.0. 


Case II: ¢ is positive, less than 90 deg, (6 + 2 ¥) is greater than 90 deg, and (@ + 4) 
is less than 90 deg. 


cos 


| 
j 
H 
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2cosVcos(¢+¥) 
A,=! a) (A-4) 
where 
N = a whole number according to the following schedule: 
((W/S) — sin N 
less than 1 1 
1-3 3 
3-5 5 ete. 
and where 
B = cos (6 + ¥) 
X = sin ¥ — [(W/S) — (NB)] 
Z = X — 2B 
Case IIT: > is positive, less than 90 deg, and ($ + ¥) is greater‘than 90 deg. 
Tp = 1 — (W/S) [sin (6 + + cosg]. . (A-5) 


Note: When 1 — (W/S) [sin (6 + ¥) + cos $] is negative, Tp = zeroand Ap = a. 
Corrections for Slat Thickness: A correction for the effect of slat thickness can be 
made as follows: 


1. Multiply 1 /S by the correction factor 1/(1 — P) 
2. Use the corrected value of /!’/S in the formulas or charts to find Tp and Ap 
3. The corrected absorptance, An’, and transmittance, Ty’, are 


Tp’ = Tp (1 — P) 
Ay’ Ap (1 —P)+aP 


where 


P = (D/S) cos (¥ + )/cos 


APPENDIX B 


EQUATIONS FOR TRANSMITTANCE AND ABSORPTANCE 


Diffuse Reflecting Slat Surfaces: This section treats the case of slat surfaces which 
are perfectly diffusing reflectors. Such surfaces always reflect part of the incident 
radiation away from the slats. There are two cases to be considered. In Case J part 
of the incident direct solar radiation passes directly through the slats while in Case JI 
none passes directly through the slats. Diagram 1b of Fig. 1 illustrates Case IJ. 

In Case J the formula for transmittance consists of three terms of which the first 
is the opening ratio, L. The second term involves a configuration factor Fi which 
accounts for the fraction of the incident radiation falling on surface 1 and reflected 
from that surface through the opening between the slats. Since in Case J the irradiated i 
length of the slat m equals the slat width W, F, is dependent only upon the geometry 
of the slat assembly. The third term involves several configuration factors to account i 
for the infinite series of reflections between the slat surfaces. 

In Case II, the opening ratio L is zero. In the first term of the equation for trans- 
mittance , F4 accounts for the fraction of the radiation incident upon surface 1 which i 
is reflected through the slat opening. However, the fraction of the slat width which is 
irradiated, m/W, depends upon the profile angle as well as upon the slat geometry. i 
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Hence F4, unlike Fy, depends upon both slat geometry and profile angle. The second 
term is similar to the third term of Case J except that Fs differs from Fe in that it is 
a function of @ as well as the slat geometry. 

The formulas B-1 to B-6 which follow have been derived rationally and involve no 
approximations. However, in evaluating the third term of Equation B-1 and the second 
of B-4, the configuration factors in these terms must, to be exact, take into account the 
fact that the radiation which is reflected from one surface is not uniformly distributed 
over the opposite surface. This was taken into account in preparing Figs. 8, 9 and 10, 
although some approximations were made to lessen the extensive numerical work 
required. 

Although the formulas apply strictly to flat slats of infinite length, investigation has 
shown that they have good ‘precision if the slats are no shorter than 20 in. and the 
curvature is no greater than % in. in a width of 2 in. The effect of departure from a 
perfectly diffusing reflecting surface has not been estimated but is probably small. 
The formulas are for positive values of ¢ but can be adapted for negative values of ¢. 
Corrections for slat thickness ratio are made as outlined in Appendix A. 


Case 1: (W/S) (sin (@+ y)/cos ¢) is less than 1.0. 


Wsin (6 + 9) __ Ad 
Tw=1-[ 


Scos 
[A+ 
aWsin(¢+) F, (1-a) 
(B-2) 
Rp (B-8) 


Case II: (W/S) {sin (6 + )/cos $] is greater than 1.0. 


(1— a) 
Bo @1— Tp Ab OF 
where 


F, = fraction of radiation which leaves surface 1 (see diagram 1 b of Fig. 1) 

and passes through the opening between the slats when m/W = 1.0. 3 

F, = fraction of radiation which leaves surface 1 and is intercepted by surface . 
2, when m/W = 1.0. 

F; = fraction of radiation which leaves — 2 and passes through the H 

opening between the slats when m/W = 1.0. H 

F, = fraction of radiation which leaves surface 1 and passes through the \ 

opening between the slats when m/W < 1.0. i 

= fraction of radiation which leaves surface 1 and is intercepted by surface E: 

2, when m/W < 1.0. i 

t 
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APPENDIX C 


ABSORPTANCE AND TRANSMITTANCE OF A COMBINATION OF FLAT GLASS AND A 
Stat ASSEMBLY 


Corrections for Reflections Between Glass and Slat Assembly 


Flat Glass Between the Sun and the Slats: In this arrangement the incident beam 
passes through the glass with a reduction in intensity because of reflection and absorp- 
tion by the glass. Part of this depleted beam is transmitted by the slat assembly and 
part is reflected back toward the glass. Of this latter part, a portion is absorbed or 
transmitted by the glass and the remainder is reflected back to the slat assembly. An 
infinite series of such reflections takes place. The first pair of such reflections, from 
slats to glass and back to the slats, is usually the only pair of significance. This pair 
is treated in the following equations which are simplified versions of the exact 
equations. A more exact treatment for practical use is not justified. It will be noted 
that the equations are written so that the term in parenthesis is a correction factor 
which can be used with the rules previously given. 

For direct radiation the equations are 


Az,=a@n(l 
where 
T,, s = transmittance of the slat-glass combination. 


absorption of the glass in the combination. 
abosrptance of the slat assembly in the combination. 


The upper case subscripts denote that the property so labeled applies to direct 
radiation, whereas the lower case subscripts refer to diffuse solar radiation. If the 
incident radiation is diffuse the same formulas apply except that all of the subscripts 
become lower case. 


Slat Assembly Between'the Sun and Flat Glass: 


Toe = Tota(1 + eaRa) ..... 
A, = =. (C-6) 


The same equations apply to diffuse radiation by making all of the subscripts lower 
case. 

Values of pa may be obtained from Reference 3 or the following values may be used: 
single ordinary window or plate glass 0.15; double ordinary window glass 0.20, single 
heat absorbing glass 0.10. 


DISCUSSION 


E. W. Conover, Detroit, Mich. (WrittEN): This paper represents a tremendous 
amount of labor and thought in evolving the mathematical approach to the problem at 
hand. The authors should be commended for their work. 

My comments will take the form of a few questions that are occasioned by some 
confusion in my own mind. The problem deals with solar radiation from the standpoint 
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of heat gain through sunlit glazed openings. It is stated that Figs. 5 to 10 are strictly 
applicable only to monochromatic radiation. We would like to ask what the percentage 
of error might be for sunlight. 

Fig. 4 shows a wide variation in absorptance with wave length and slat material. 
Is the absorptance in the calculations an average for the particular material over the 
range of the solar spectrum? 

I am impressed with the similarity between this problem of heat control and that of 
light control with flat opaque slats. Do you believe that these same equations and 
curves could be used for determining light transmission by using the slat absorptance 
for the visual portion of the solar spectrum? 

It will be interesting to see how closely the test data to be reported later will check 
with this mathematical theory. I hope that the checks will be close. It is quite likely 
that the tests will follow the trend indicated by the curves but experience teaches us 
that the values may be quite different due to some items having a greater effect than 
anticipated. We wish the authors luck in their future investigation. 


A. B. Crymer, Toledo, Ohio (Written): I would like to refer to the program 
of investigation of which the present paper is the first necessary and excellent step. I 
believe that the Technical Advisory Committee on Heat Flow Through Glass and the 
authors are to be commended for having conceived and undertaken a research program 
which will yield accurate results in a useful form with a minimum of effort. This 
well-integrated program employs a nice balance between theoretical and experimental 
methods of attack. 

Many of the theoretical results reported in this paper have been spot-checked by 
independent calculations; all items checked have been found to be correct. Hence, 
this paper would seem to deserve to enhance the reputation of reliable work which 
the authors enjoy as a consequence of their previous papers on heat flow through 
fenestrations. 

In delivering his paper, Mr. Parmelee made the statement that there are serious 
limitations upon the applicability of the results in their present form. That statement 
is certainly true if one is concerned only with exact calculations and predictions, but I 
believe that Mr. Parmelee has understated the immediate practical value of these 
results in the hands of many of you A.S.H.V.E. members and other engineers who 
are competent to carry out calculations with a certain amount of judgment. 


J. P. Stewart, Syracuse, N. Y. (WrittEN): This is a valuable contribution to 
our knowledge of solar heat transmission through glass. I look forward with great 
interest to the experimental work which is to follow. Judging from the author’s 
conclusions, I gather that diffuse reflecting slats would generally be more effective in 
reducing the room cooling load than specular reflecting slat surfaces. The usual 
setting of the angle of the slats seems to be about 45 deg. 


R. W. McKin ey, Pittsburgh, Pa.: I have two questions for the author. I feel, 
as Mr. Clymer does, that there is some immediate practical utility of these data, 
particularly if Mr. Parmelee would give us some idea of his approach if he were doing 
a design job now that he has made all of these studies. 

My first question is: Do the studies indicate that a particular angle of setting, such 
as the 45 deg mentioned, is to be preferred over others. 

The second question is: In developing building design, would it be advantageous 
on some elevation, neglecting for the moment other factors such as brightness control 
and esthetics, to plan a particular combination of slat spacing and angle setting ? 

Many engineers have to make guesses at times because clients expect we are able 
to utilize the results from these studies. 

I, too, was interested in the possibility that Mr. Conover mentioned of applying these 
data directly to the, visible portion of the radiant energy spectrum; and my question 
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is: Would you expect any large and important variations from results if you were to 
segregate your interest strictly to the visible portion of the spectrum? 


R. A. Mitter, Pittsburgh, Pa.: I feel that it is appropriate at this time to say some- 
thing about the continuity of the program of the TAC on Heat Transfer Through 
Glass and the sequence in which most of the investigation has been carried on. 

All of it that has been done recently, within the last ten years or so, has been under 
the careful engineering guidance of G. V. Parmelee. I think gratuitous compliments 
for work well done are essentially uncalled for. I dislike standing and complimenting 
an author upon the precision and exactitude of his paper. After all, he wrote it. It is 
to be assumed that he thinks it is exact and that he is pretty well imbued with the idea 
that we are all interested in it. If we weren’t interested in this we wouldn’t sit and 
listen to the presentation of it. 

But the sequence of these papers by the TAC on Heat Transfer Through Glass, has 
been due to the complete cooperation and, I would say, extreme interest of the 
membership of the committee. 

I think we have seldom held a committee meeting when there has been less than 
eighty percent of the membership of the committee present. There have been a number 
of papers upon which the members of the committee have seen fit to make very little 
comment and they have seldom presented too many discussions. That, if there is a 
lack in the committee, is the one which I would most greatly deplore. 

But as a group, the backing given to the Research Laboratory, and particularly to 
Mr. Parmelee in developing and carrying through an initially laid down and carefully 
adhered to program is due wholly to the interests and backing of the committee as a 
whole. 

As chairman of that committee I wish personally to express here publicly my deep 
gratification at the interest which all members of that committee have shown in the 
work which they have undertaken to follow. 


Cyrit Tasker, Cleveland, Ohio: As I have already spoken earlier this morning 
on the subject of translating research results into data of practical value to the 
membership, don’t let what I have to say now make you think that I have a one-track 
mind. 

From time to time we hear comments, most of them of a very friendly nature, as to 
the readability and understandability of the papers that come from the A.S.H.V.E. 
Research Laboratory. In the meeting of the TAC on Heat Flow Through Glass 
yesterday, that same question was discussed concerning this particular paper. 

With the cooperation of several members of the committee, it was decided that some 
of the members might indicate how they would re-write this paper so that one could 
get information of immediate practical value from it. 

The Chairman set up a small subcommittee to do this, that is, to take this paper 
and suggest how the same ideas and information could be presented to an audience 
that was not as interested in the subject nor as well acquainted with the studies, as is 
the TAC on Heat Flow Through Glass. 

At the Research Laboratory we are going to be very interested in what comes out 
of this effort, because it is part of a very real problem. If we can get help from the 
men in the field as to how we can best improve the presentation of our material, it will 
be a decidedly helpful venture. 


AutHors’ CLosure (G. V. Parmelee) : Mr. Conover inquired as to the applicability 
of the data to sunlight rather than to monochromatic radiation. In general an average 
value of absorptance can be used for most calculations. However, if a heat absorbing 
glass is used with some types of sun shade in order to obtain accurate results and not 
guesses, it would be necessary to determine transmittances and absorptances of the 
combination wave-length by wave-length and use these spectral values to compute 
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transmittance and absorptance values for the entire solar spectrum. Problems in 
illumination are not uncommonly handled in this way. 

The data given in the paper are equally applicable to light control and heat control 
problems, except that what happens to radiation absorbed by a shade has no bearing on 
illumination as such. The principal factor is, of course, that the absorptance or 
reflectance for the visible portion of the spectrum may differ from the value for the 
entire solar spectrum. 

Mr. Conover’s expression of best wishes in the experimental phase of the program 
is appreciated. So far theory and experiment are not too far apart. 

With reference to Mr. Clymer’s comments, which the authors appreciate, I wish to 
emphasize that the paper is not a complete solution to the problem, assuming that the 
theory is later verified by experiment. This is so because the dissipation of heat 
absorbed by the slats and glass by convection and reradiation has not been treated in 
the paper. Experiment, we expect, will furnish a reasonable answer to this problem. 
The paper is intended primarily as a tool to be used in the future development of design 
data. 

Mr. Stewart commented on the slat angle of 45 deg, and perhaps that setting of the 
Venetian blind may be on the average the most desirable one. I think light control 
ought to be considered along with heat control when you consider shading. That is 
particularly true when a sun-screen with fixed slats is to be used. People do like to : 
see beyond the window. ’ 

Mr. McKinley asks if there is any particular angle of slat setting to be preferred for 
slat type shades. | cannot draw any broad conclusion on this point. I believe the 
proper setting of a shade should be a compromise between adequate daylighting and 
minimum heat gain. In the case of a south wall in mid-summer one could use a 
standard blind with slats set at zero degrees and have nothing but reflected sunlight 
enter the room. If the slats were tilted slightly, perhaps more of the light would go up 
to the ceiling. This would tend to produce more uniform illumination throughout the 
room. I believe that most people who make shades would agree that light control 
should be given consideration along with heat control. 7 

The data as given can be applied to any part of the solar spectrum. The light 
transmittance of a shade will be the same as the total solar energy transmittance if 
the slat surfaces have the same reflectance for light as for the total solar spectrum. 

With reference to Mr. Miller’s remarks, I wish to pay tribute to the committee for 
the great interest that they have shown in the work we have been doing at the 
laboratory. Interest is one of the main forces that help the laboratory produce results 
and we greatly appreciate both the technical assistance and the interest of the committee 4 
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A SMOKE-FILAMENT TECHNIQUE FOR 
EXPERIMENTAL RESEARCH IN ROOM 
AIR DISTRIBUTION 


By H. B. Notrace*, J. G. Stasy**, anp W. P. Gojsza**, CLEVELAND, OHIO 


This paper is the result of research carried on by THE AMERICAN 
SOCIETY OF HEATING AND VENTILATING ENGINEERS at its Re- 
search Laboratory located at 7218 Euclid Ave., Cleveland 3, Ohio. 


HE LONG-RANGE A.S.H.V.E. research program in room air distribution? 

involves interesting problems of instrumentation and technique. Previous 
papers have reported an anemometer?, a velocity direction probe®, and a turbu- 
lence indicator*. This paper describes a method by which the velocity field in 
the wandering low-velocity region of room air movement has been made amen- 
able to quantitative study with the aid of smoke-filaments for establishing veloc- 
ity-vector directions. Advisory guidance has been rendered by the Technical 
Advisory Committee on Air Distribution?. 

Smoke is a time-honored means of making air movement visible, but for 
quantitative purposes it is advisable to be careful in diagnosing what may be 
seen with smoke. 

In the sense of fluid mechanics, a streamline is a line in a flow region whose 
tangent at any point is the direction of the velocity at that point. In steady 
motion, but not in unsteady motion, a streamline also represents a filament line, 
which is a line joining the instantaneous positions of all particles that have 
passed through a given point in the fluid. 

A smoke trail from a small source is basically a conglomeration of filament 
lines, presenting a trace of particle paths and also illustrating the features of 
local swirls and billows. Although local and temporary departures from time- 
steady flow are unavoidable in room air movement, experience has shown that 
practiced judgment in observing smoke filaments will yield reliable time-mean 
velocity-direction data. 


* Research Associate, A.S.H.V.E. Research Laboratory. Member of A.S.H.V.E. 

** Research Engineer, A.S.H.V.E. Research Laboratory. 

1 Exponent numerals refer to References. 

+ Personnel: G B. Priester, chairman; H. F. Brinen, R. M. Conner, S. H. Downs, Linn Helander, 
F. B. Holgate, W. O. Huebner, W. W. Kennedy, R. D. Madison, G. E. McElroy, L. G. Miller, H. C. 
Pierce, C. H. Randolph, T. H. Troller, R. D. Tutt, G. L. Tuve. 

Presented at the Semi-Annual Meeting of THe AmericaN Society oF HEATING AND VENTILATING 
Enoineers, Spring Lake, N. J., June 1952. 


399 


. 
4 
— 
q 
= 


400 TRANSACTIONS AMERICAN SOCIETY OF HEATING AND VENTILATING ENGINEERS 


SMOKE GENERATOR AND RAKE TuBES 


Inexpensive simplicity was the practical keynote for the present studies. 
Ammonium chloride was a satisfactory smoke, and was generated as shown 
schematically in Fig. 1. Features pertaining to this were the following: 


1. The discharge line from the receiver tank of the air compressor was equipped 
with a pressure regulator, set to maintain a pressure not exceeding 5 psig in the rubber- 
hose line to the smoke generator. 

2. The smoke generator was moved about the test space5 so as to always be near 
the position where smoke data were desired, thereby minimizing the length of the 
connection between the generator and the smoke tubes. A bleed connection on the 
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Fic. 1. FLow SCHEMATIC FOR SMOKE 
PRODUCTION 


line from the air compressor served as a simple means of regulating the rate of smoke 
generation. 

3. In the generator, the air first was bubbled through a bottle containing commercial 
ammonium hydroxide, adjusted to a pH value of approximately 9. The outflow from 
this bottle then was bubbled through a second bottle containing commercial muriatic 
acid. With proper on-the-spot adjustment of the air rate and liquid levels, a dense 
cloud of fine white particles was produced. Improper conditions would produce either 
a smoke which was too weak or one in which the ammonium chloride particles were 
too large and sticky. 

4. Smoke was emitted from rakes made out of copper tubing. This tubing was 
nominal %4-in. for short rakes and %-in. for long rakes. Smoke filaments were 
discharged from 1/32-in. holes drilled in the tubing at either 3-in. or 6-in. intervals, as 
convenient, along a line parallel to the axis. In a few instances, a short piece of tubing 
was used to emit a single smoke trail for exploratory work. The smoke discharge 
always was set perpendicular to the air flow in order that motion of the filaments in 
the flow direction should be imparted by the flow alone. 


SMOKE-FILAMENT OBSERVATIONS 


A flash picture of an illustrative flow condition is given as Fig. 2. This is a 
case of a chilled jet, discharged horizontally, which has followed a falling trajec- 


t In the aerodynamic sense, a rake comprises a line of instruments set across a flow stream. 
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Fic. 2. Use oF SMOKE FILAMENTS TO ESTABLISH VELOCITY-VECTOR D1IREC- 
TION PATTERN Across UPPER BOUNDARY OF A CHILLED JET WuicH Has 
FALLEN TO FLooR 
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tory and has reached the floor a short distance in front of the smoke tube 
(on the right in Fig. 2). The stream in the region of the picture is rolling along 
the floor. The reversal of flow direction is clearly shown, and this marks the 
upper edge of the jet. Above the jet, room air is flowing back toward the outlet 
in a stream which is entrained by the outflowing air. 

A very large number of observations of smoke filaments were made during 
the course of the studies summarized in companion papers®:®. The technique was 
easiest in a darkened room using spotlights to illuminate the smoke. In general, 
rake tubes were strung in a line across the jet stream so that both edges could 
be seen at the same time. Observers would watch the filaments for an appreciable 
period of time, noting the varied peculiarities of the billowing and wandering 
action as well as the nature of the time-mean motion. When they were satisfied, 
records would be made of the most probable location of the jet edges and of the 
velocity-direction profile across the jet. Fig. 3 is an illustrative set of data. 

Direction angles for the most part were estimated by visual judgment with 
careful and experienced operators. Initially some data were taken with a 
protractor carrying a long indicating wire, but after sufficient experience this 
was discarded as an unnecessary encumbrance. For others interested in develop- 
ing skill in the smoke filament technique, it is suggested that an angle indicator 
be employed in the form of fine stiff wires set at intervals of 30 deg. This 
assembly should be positioned where it would not interfere with the flow in the 
vicinity of the filaments. 

Careful attention was given to the matter of reproducibility. Checks were 
made between different days, repeated tests, and different observers. The results 
were quite satisfactory. For the range covered5®, jet-edge positions could be 
duplicated within + 0.25 ft, and individual velocity directions could be repeated 
to +15 angular deg under the worst conditions, and considerably better than 
this where the flow was smooth. Establishing a velocity-direction profile across 
the jet required the best average curve to summarize the results. These averages 
were based on many readings, so that the uncertainty at any point on the profile 
was very much less than the tolerance on an individual spot reading. It is 
believed that the averaged profiles were accurate to between 5 and 10 deg at 
any one point. 

The corresponding velocity-magnitude profiles were obtained from heated- 
thermocouple anemometers.? 

Smoke filaments were limited to velocities below roughly 100 fpm for easy 
visual observations. In each test 5-6, data from smoke filaments were compared 
with readings from a V-wire direction probe’, as a general check on consistency. 
Motion pictures would have been a very instructive method of recording smoke- 
filament behavior as an aid to a more detailed diagnosis of the flow phenomena. 
This, however, was beyond the present scope. 

Ammonium chloride was found to be an unobjectional smoke so long as the 
particles were kept small and the quantities kept within reason. The particles did 
have a trace of acid carry-over so that judgment was necessary in use. 

The inadequacy of smoke clouds for obtaining velocity direction profiles can 
be readily appreciated. Smoke clouds also were poor for establishing jet edges 
because: (1) the rate of turbulent mass transfer is slightly greater than the 
rate of turbulent momentum transfer, whereby cloud edges give a jet that is 
generally wider than the true velocity boundaries; (2) the billowing and wander- 
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ing nature of the flow makes cloud edges quite vague; and (3) clouds involve 
such quantities of smoke that the entire space soon becomes smoke-laden to the 
nuisance point. 

CoNCLUSION 


Smoke filaments are judged to be a simple but very satisfactory technique for 
obtaining velocity-vector direction data in the low-velocity region of room air 
distribution. 
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DISCUSSION 


S. F. Girman, Urbana, Illinois (Written): This paper presents a simple, practical 
method for studying low velocity air movement. 

In our air distribution research program, we find that it requires a considerable 
period of time to conduct each test in our test room. Consequently, it would be helpful 
to us if the authors would give an estimate of the amount of time normally required to 
obtain a set of velocity data at one point in a space, as represented by Fig. 2. 

Since we have a closed system in which the air is recirculated, it would be necessary 
to filter the return air to remove the ammonium chloride particles. I would appreciate 
an opinion from the authors as to whether or not the particle size is such that a 
conventional throw-away type of filter could be used successfully. Also, do they feel 
the acid carryover is enough to cause serious corrosion of the fan blades and coils in 
the conditioning equipment ? 


Avutuors’ CLosure (H. B. Nottage): Regarding time, it is believed that experi- 
mental operations depend greatly upon the judgment and manipulative skill of the 
experimenters. In using smoke, the time further varies with the nature of the air 
flow being studied. Experiences at the A.S.H.V.E. Research Laboratory showed 
that a cross-jet traverse could be recorded in 5 to 10 minutes. As to filtering the 
particles, this would depend upon the filter employed. It is believed that a satisfactory 
filter could be found. No rules can be given for corrosion prevention, but a rational 
approach should be successful. 
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